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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (Si) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units  of  measurement  used  in  this  report  can  be  con- 
verted to  metric  (Si)  units  as  follows: 


Multiply 

inches 

feet 

miles  (U.  S.  statute) 
miles  (U.  S.  nautical) 
degrees  ( angular ) 


B Z 

25.  4 
0.3048 
1. 609341* 
1.852 

0.01745329 


To  Obtain 
millimetres 
metres 
kilometres 
kilometres 
radians 
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STATE-OF-THE-ART  FOR  ASSESSING  EARTHQUAKE  HAZARDS 
IN  THE  UI1ITED  STATES 

FAULTS  AND  EARTHQUAKE  MAGNITUDE 
PART  I : INTRODUCTION 

Need  for  Length  of  Fault  and  Maximum  Displacement 

1.  Modern  engineering  practice  includes  design  of  structures  to 
accommodate  strong  earthquake  motion.  Most  active  faults  have,  by  man's 
time  framework,  very  long  intervals  between  the  shallow-focus  faulting 
events  which  are  associated  with  most  damaging  earthquakes.  The  re- 
currence intervals  or  time  gaps  for  these  events  are  measured  in  hun- 
dreds, thousands,  tens  of  thousands,  or  even  hundreds  of  thousands  of 
years.  These  long  time  intervals,  in  combination  with  the  short  and 
often  nonrepresentative  nature  of  the  historic  and  seismologic  records, 
require  that  geologic  methods  be  used  as  alternatives  or  supplements  to 
historic  methods  of  establishing  design  events. 

2.  The  geologic  method  of  determining  design  earthquakes  is  based 
on  the  well-established  correlation  between  size,  usually  designated  by 
magnitude,  of  earthquakes  and  size  of  the  epicentral  region  as  shown  by 
the  activated  fault  length  and  maximum  fault  displacement  (Bonilla  and 
Buchanan^).  These  relationships  are  shown  in  approximately  150  historic 
earthquake  examples  of  surface  faulting,  with  all  major  types  of  faults 
and  tectonic  provinces  represented. 

3.  Geologic  methods  of  determining  design  earthquakes  are  essen- 
tial for:  (a)  faults  with  very  low  to  moderate  rates  of  activity,  (b) 

faults  with  high  rates  of  activity  that  are  historically  aseismic  or 
have  activity  rates  that  are  nonrepresentative  of  their  long-term  or 
average  activity,  and  (c)  faults  in  regions  where  the  historic  record 
is  short  or  the  seismologic  data  are  obtained  from  poorly  located,  dis- 
tant, or  low-gain  seismological  stations.  The  geologic  method  also  pro- 
vides an  independent  measure  of  predicted  size  and  frequency  of 
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earthquakes  for  regions  with  historically  high  seismic  activity  and 
adequate  seismographic  station  coverage  and  study.  When  both  geologic 
and  seismologic  methods  of  determining  design  earthquakes  are  used,  the 
results  are  generally  similar  or  compatible.  If  the  results  are  not 
compatible,  the  source  data  and  assumptions  used  for  the  two  determina- 
tions should  be  evaluated  before  selecting  a design  earthquake. 

General  Relation  of  Earthquake  Magnitude  to  Fault  Length 
and  Maximum  Fault  Displacement 

U.  The  general  relation  between  magnitude  of  shallow- focus  earth- 
quakes and  size  or  volume  of  the  deformed  region  and  the  length  and 

amount  of  displacement  on  activated  surface  faults  was  recognized  at 

2 3 k 

least  two  decades  ago  (Tsuboi,1"  Richter  ).  Tocher  noted  that  displace- 
ment along  faults  during  large  earthquakes  is  hazardous  to  the  works  of 
man  and  he  developed,  for  surface  faulting  in  the  western  United  States, 
the  relation  of  magnitude  to  fault  length  and  to  the  product  of  fault 
length  and  maximum  displacement.  Many  subsequent  refinements,  shown 
in  Figure  1,  have  been  formulated  by  adding  additional  data  points 
(Iida'’’^),  applying  the  method  to  specific  areas,  as  for  southern  Cali- 

J 

fornia  (Albee  and  Smith  ),  and  by  refining  the  source  data  as  for  the 

8 9 1 

western  United  States  (Bonilla,  ’ Bonilla  and  Buchanan  ) and  the  world 
(Ambraseys  and  Tchalenko,10  Bonilla  and  Buchanan1).  Various  dislocation- 
models  have  been  proposed  by  seismologists  (Aki,^  Brune,*"  Chinnery,1' 
King  and  Knopoff,1  ,1;>  Press,1  and  Wyss  and  Brune1"^)  to  relate  magnitude 
(M),  fault  length  (L),  displacement  (D),  and  width  or  depth  (W).  Chin- 
nery1^  noted  that  these  lead  to  possible  linear  relations  between  the 
magnitude  and  the  log  L (at  least  for  M > 6.5  or  7),  log  LD,  log  LD‘  , 

log  D,  and  log  LDW.  The  data  of  Bonilla  and  Buchanan1  do  not  resolve 

2 

whether  the  correct  model  involves  a linearity  with  log  D or  log  D . 

5.  Current  engineering  applications  calculate  design  earthquakes 
from  relations  between  magnitude  and  log  L and  log  D.  The  correlation 
of  magnitude  to  fault  length  and  to  maximum  displacement  has  high  cor- 
relation coefficients  and  has  led  to  widespread  use  in  estimating  de- 

13 

sign  earthquakes.  The  source  mechanism  studies  of  Chinnery,  King 
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and.  Knopoff,  and  Liebermann  and  Pomeroy,  along  with  the  good  to  ex- 
cellent correlation  coefficients  determined  by  Bonilla  and  Buchanan, ^ 

2 

suggest  that  magnitude  versus  log  LD  or  log  LD  will  also  be  useful  in 

engineering  application  where  both  L and  D are  known.  The  magnitude 

2 

versus  log  LD  and  log  LD  correlations  both  appear  to  be  linear  on  the 

plots  that  follow  in  a later  section  of  this  report,  although  a1:  noted 
13 

by  Chinnery,  both  cannot  be  linear. 

Terminology 


Definitions  of  fault 
activity  and  nonactivity 

6.  Definitions  of  the  term  "active  fault"  will  be  reviewed  by 
Slemmons  and  McKinney  (in  press).  Currently  there  are  no  universally 
accepted  definitions  for  active  and  inactive  faults.  The  wide  range  in 
definitions  for  active  faults  varies  from  those  based  on  very  low  rates 
of  fault  activity  or  recurrence  as  used  for  siting  of  nuclear  reactors 
and  other  vital  structures,  to  practical  definitions  that  apply  to 
faults  with  higher  rates  of  activity  near  less  important  structures. 

The  most  widely  used  definitions  follow  the  general  philosophy  expressed 

19  20  7 21 

by  Louderback,  Allen  et  al. , Albee  and  Smith,  Wentworth  et  al. , 

22 

the  International  Atomic  Energy  Agency,  the  United  States  Atomic  En- 
23  2b 

ergy  Commission,  and  Sherard  et  al.  Although  definitions  of  active 
faults  vary  widely,  the  following  elements  appear  in  most  definitions: 

(a)  Active  faults  contrast  with  "dead"  faults  in  that  they  have  the 
potential  for  reactivation  from  current  tectonic  processes  and  are 
likely  to  produce  damaging  earthquakes  at  some  time  in  the  future. 

(b)  Evidence  for  activity  can  be  provided  by  historic  documentation  of 
fault  displacement,  or  geologic  evidence  of  activity  in  the  recent  geo- 
logic history,  generally  defined  as  activity  in  the  Holocene  or  some 
part  of  the  Quaternary.  (c)  Seismologic  or  other  geophysical  evidence 
of  current  tectonic  deformation  at  the  fault. 


7.  The  earlier  definitions  of  active  faults  (Willis,2^  Louder- 
back1^)  classified  faults  as  either  "active,"  with  the  potential  for 
future  reactivation,  or  "dead"  and  no  longer  likely  to  have  renewed 
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activity.  Some  define  "active"  to  be  essentially  synonymous  with 
"historic."  In  view  of  the  demonstrated  inadequacy  of  the  historic  and 
seismologic  periods  of  observation  (Ambraseys-^ ) , and  the  much  longer 
term  nature  of  geologic  evidence,  most  workers  prefer  definitions  simi- 
lar to  the  following: 

Active  fault:  An  active  fault  is  a fault  that  has  slipped 

in  historic  or  recent  geologic  time,  and  is  likely  to  have 
renewed  displacements  in  the  future.  The  fault  activity 
is  indicated  by  historic,  geologic,  or  geophysical  evi- 
dence and  may  occur  at  rates  that  vary  from  very  low,  with 
long  recurrence  intervals,  to  very  high,  with  very  short 
recurrence  intervals.  Fault  activity  is  similar  to  that 
of  active  volcanoes,  which  either  may  show  current  or 
historical  activity  or  be  dormant,  with  the  potential  for, 
or  probability  of,  future  activity. 

_b . lead  fault : A dead  fault  is  a fault  that  was  active  cur- 

ing an  earlier  orogenic  period,  but  is  not  active  within 
the  present  tectonic  setting.  Some  ancient  faults  do  not 
offset  late  Cenozoic  deposits.  The  northern  part  of  the 
White  Wolf  fault  zone,  California,  which  is  marked  by  a 
remarkably  linear  segment  of  the  Kern  River,  does  not  off- 
set a high  terrace  level  basaltic  flow  of  Pliocene  age 
( Sharps).  This  fault  is  classified  as  "dead,"  and  high 
magnitude  earthquakes  are  not  expected  along  this  fault 
segment.  Come  faults  of  this  type,  with  very  low  rates  of 
regional  deformation,  may  generate  low  magnitude  earth- 
quakes of  similar  character  and  size  to  the  regional 
earthquakes  that  are  the  low  "backgi’ound  noise"  of  seismic 
activity  that  occurs  within  a seismotectonic  province. 
These  low  magnitude  earthquakes  are  sometimes  referred  to 
as  "floating"  earthquakes,  or  dispersed  patterns  of  low 
seismicity  in  which  the  earthquakes  cannot  be  correlated 
with  faults  or  other  geologic  structures. 

c_.  Capable  faults:  The  definition  for  capable  or  active 

faults  as  used  for  siting  nuclear  reactors  and  other  vital 
structures  is  specified  by  the  United  States  Atomic  Energy 
Commission  (now  designated  the  Energy  Research  and  Devel- 
opment Agency,  ERDA)23,28  and  the  International  Atomic 
Energy  Agency. 22  Their  definitions  are  summarized  on 
page  7 of  Krinitzsky . 29 

These  definitions  use  time  or  rates  of  recurrence  that  imply  rates  of 
deformation  on  faults  as  shown  in  Figure  2.  In  essence,  active  or 
"capable"  faults  have  been  displaced  during  the  last  35 » 000  years,  or 
have  had  more  than  one  displacement  during  the  last  500,000  years. 
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Figure  2.  Relation  between  time  or  recurrence  interval  ( 
strain  rates  across  fault  zones  (in  cm/yr),  and  earthquak 
tude,  using  data  from  Table  11  and  Figure  25  and  using 
based  on  Wallace. 3°  Matsuda^  classified  the  rates  sh  vn 
letters  on  the  right  side  of  the  diagram 


8.  In  normal  engineering  practice,  the  most  widely  accepted  defi- 
nition of  active  fault  is  based  on  faults  that  are  affected  by  current 
tectonic  forces  and  have  evidence  of  displacement  during  the  Holocene 
(approximately  the  last  10,000  years).  Dead  faults  are  those  that  were 
active  during  earlier  tectonic  episodes,  but  are  not  active  in  the  pres- 
ent tectonic  environment  and  accordingly  do  not  offset  Holocene  deposits 
or  surfaces.  Some  faults  that  are  dead  according  to  this  definition  may 
be  active  with  longer  periods  of  measurement,  or  may  become  reactivated, 
sometimes  with  different  slip-types  of  faulting,  with  changing  tectonic 
environment . 

Classification  of 
faults  by  slip  direction 

9.  Slip  is  the  relative  displacement  of  formerly  adjacent  points 
on  opposite  sites  of  a fault,  measured  along  the  fault  surface.  The 
slip  direction  defines  the  main  types  of  faults — strike-slip,  normal- 
slip,  reverse ( thrust )-slip  (Figure  3),  and  a number  of  intermediate  com- 
binations or  oblique-slip  types.  These  types  are  iefint  i as  ll^ws : 

Dip-slip : The  component  of  slip  parallel  to  the  dip  cf  a 

fault . 

Normal-slip : Slip  parallel  to  the  dip  of  a fault,  where 

the  overlying  side  has  moved  downward  relative  to  the 
underlying  side. 

Reverse-slip : Slip  parallel  to  the  dip  of  a fault,  where 

the  overlying  side  has  moved  upward  relative  to  the 
underlying  side.  Also  called  thrust-slip . 

Oblique-s 11 p : Slip  intermediate  in  orientation  between  dip- 

slip  sind  strike-slip. 

Strike-slip:  The  component  of  slip  parallel  to  the  strike  of 

a fault.  A fault  with  pure  strike-sli]  and  no  dip-slip  is 
termed  a strike-slip  fault. 

Left-sli;  : Slip  parallel  to  the  strike  of  a fault  where 

the  block  on  the  opposite  side  of  the  fault  from  an 
observer  has  moved  to  the  left. 

Right-sli: : Slip  parallel  to  the  strike  of  a fault  where 

the  block  on  tne  opposite  side  of  the  fault  from  ar. 
observer  has  moved  to  the  right. 

flii  vector:  A directed  line  segment  with  magnitude  and 

orientation  equivalent  to  the  slip;  sense  is  undefined 
because  fault  displacement  is  relative. 
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10.  Bonilla  and  Buchanan  classify  faults  into  five  main  types 
by  slip  direction.  They  represent  the  directions  by  means  of  a circle 
on  the  fault  plane  as  viewed  from  the  side  dipping  toward  the  observer 
(Figure  M.  The  five  principal  types  are  denoted  by  the  letters  A 
through  E.  If  a point  on  the  far  side  of  the  fault  plane  is  displaced 
by  faulting  to  the  rim  of  the  circle,  the  indicated  type  of  fault  would 
be  produced.  This  displacement  produces  a radial  line  on  the  projection 
circle  that  makes  an  angle  in  the  fault  plane  with  the  horizontal  line 
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which  represents  the  strike  of  the  fault;  this  angle  is  called  0 and 
also  can  be  measured  from  striations  or  slickensides  in  the  fault  sur- 
face. This  angle  can  be  calculated  from  the  relative  values  of  the 
strike-slip  (SS)  and  dip-slip  (DS)  by  the  function: 

cotangent  0 = SS/DS 


Fault  slip  and  distortion 

11.  The  amount  of  slip  as  measured  by  displacement  of  linear 
geologic,  geodetic,  or  cultural  features  across  the  fault  zone  commonly 
is  affected  by  deformation  near  the  fault  plane.  The  total  regional 
deformation  (Figure  5)  can  be  depicted  by  viewing  a linear  feature  such 
as  a straight  stream  segment,  a pipeline,  or  a highway  crossing  the 
fault  plane.  The  total  regional  displacement  near  the  fault  is  termed 
shift , the  displacement  on  the  fault  plane  as  slip , and  the  displacement 
by  folding,  warping,  or  drag  as  distortion.  Distortion  is  a common  type 
of  local  deformation  near  faults  and  partly  accounts  for  variability  of 
historic  surface  fault  displacement  measurements  and  the  observation 
that  the  length  of  the  zone  of  surface  faulting  is  shorter  than  the 
length  of  the  aftershock  zone  or  the  zone  of  geodetic  deformation.  Mea- 
surements of  fault  shift  are  generally  more  consistent  than  fault  slip. 

12.  Similar  deformation  can  develop  in  the  vertical  plane  and  the 
surface  faulting  may  have  displacements  that  are  less  than  the  true  dis- 
placement at  depth,  or  may  have  irregular  displacements  along  the  fault 
trace  (Figure  6). 

Classification  by 
complexity  of  fracturing 

13.  Historic  surface  faulting  varies  greatly  in  pattern  of  frac- 
turing. The  resulting  fracture  zones  may  be  single,  simple,  narrow 
surface  faults,  or  branching  patterns,  or  distributed  patterns  which  may 

g 

include  secondary  faults  at  some  distance  from  the  main  fault  (Bonilla  ). 
Simple  fault  zones  usually  have  single,  narrow,  and  steeply  dipping 
fault  traces. 

14.  Grouped  or  branching  patterns  are  more  common  than  simple 
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Figure  5.  Schematic  map  of  deformation  and  surface  faulting  on 
an  active  fault  with  a total  shift  accommodated  by  70c/c  slip  and 

30$  distortion  (drag) 
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DISPLACEMENT  ACROSS  FRACTURES  (MM) 


explanation 


° APRIL  1968 
» JUNE  1968 

♦ooi  ° MARCH  1969 


i jure  6.  Discontinuous  and  irregular  surface  fault  displacements 
along  the  three  main  segments  of  the  Coyote  Creek  fault  from  the 
Borrego  Mountain  earthquake  of  April  9,  1968  (from  Clark-" 


faults.  These  groupings  are  commonly  expressed  as  patterns  r Lro  ju- 
larities  of  major  topographic  features  of  the  region:  mountain  hick.-, 

valley  blocks,  or  groups  of  mountains  and  intervening  valleys.  The 
active  faulting  of  these  distributed  fault  patterns  during  major  earth- 
quakes may  produce  faulting  along  either  separate  or  connected  faults, 
sometimes  with  different  types  of  faulting  in  conjugate  systems.  The 

evaluation  of  faults  in  this  type  of  region  is  a difficult  problem,  and  ,j 

involves  a careful  regional  approach  with  detailed  mapping  and  analysis 
of  the  faults  and  folds  as  will  be  discussed  in  a later  section  '■!'  this 
report . 

Relation  Between  Earthquake  Deformation 

and  Surface  Faulting  I 

15.  Surface  faulting  is  a surface  expression  of  deformation 
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within  the  earth.  The  rupturing  generally  occurs  suddenly  during  earth- 


quakes, although  for  a few  faults,  slow  creeping  displacements  may  :ccur 
without  the  abrupt  release  of  the  elastic  strain  that  has  accumulated. 

At  the  higher  temperature  and  pressure  that  exists  deeper  in  the  earth's 
crust  or  upper  mantle,  failure  may  take  place  more  or  less  continuously 
by  plastic  deformation  without  accompanying  earthquakes.  The  overlying, 
more  brittle  crustal  materials  accumulate  strain  and  episodically  re- 
lease it  by  surface  displacement  and  seismic  energy  release. 

16.  The  surface  deformation  may  include  widespread  uplift,  sub- 
sidence, or  horizontal  distortion,  which  can  be  detected  and  delineated 
by  geodetic  methods.  Surface  faulting  commonly  develops  along  the  cen- 
tral part  of  the  zone  of  deformation  during  large  earthquakes  of  magni- 
tude 6 or  T and  higher.  The  length  and  maximum  and  average  amounts  of 
displacement  are  proportional  to  the  earthquake  magnitude.  The  after- 
shocks generally  are  strongly  aligned  along  the  faults  and  are  broadly 
distributed  through  the  epicentral  region,  or  region  of  deformation. 

• ; . ■ t migration  strain  may  provide  aftershocks,  an  i a idil  nal 
irface  >r  subsurface  faulting  extending  into  adjoining  regions. 

17-  ihe  depth  of  the  zone  of  earthquake  faulting  and  elastic  re- 
smic  energj  1 : 'orly  known.  For  the  megathrusts  f maj  r 

subduct  ion  zones,  the  main  fault  zone  and  earthquake  activity  can  extend 
t-  depths  of  several  hundred  kilometres  (Benioff  zones).  Such  zones 
nave  very  high  rates  (up  to  10  or  15  cm/yr  average  rate)  of  deformation 

75  } * 

( liver").  Many  faults  above  the  Benioff  zone,  and  the  faults  of  most 
ether  regions  have  earthquakes  that  are  limited  to  the  uppermost  few 
tens  of  kilometres.  Kasahara3'  and  Chinnery3  estimate  from  dislocation 
• heory  that  the  faulting  associated  with  the  Tango,  Japan,  earthquake  of 
1927  extended  to  depths  of  about  10  to  15  km.  The  Tanna  faulting  during 
the  North  Idu,  Japan,  earthquake  of  1930  extended  to  depths  of  about  8 
km.  Kasahara  estimated  that  the  strike-slip  San  Andreas  faulting 
of  1906  extended  to  depths  of  about  2 to  6 km.  Thatcher'"”  reanalyzed 
-ec  detlc  data  from  the  1906  earthquake  and  noted  that  the  seismic 
(earthquake-causing)  slip  was  limited  to  approximately  the  upper  10  km, 
although  the  faulting  may  have  had  deeper,  aseismic  extensions.  Most 
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of  the  main  earthquakes  and  aftershocks  of  surface  faulting  events  in 
the  western  United  States  during  the  past  20  years  have  been  well 
studied  seismologically  and  geologically.  All  major  types  of  faulting 
are  represented — strike-slip,  normal-slip,  reverse-slip,  and  oblique- 
slip;  nearly  all  have  earthquake  foci  that  are  less  than  15  km  deep  and 
some  zones  (as  shown  by  the  aftershocks  along  the  San  Andreas  fault  near 
Parkfield-Cholame  in  1966)  have  foci  that  are  mainly  in  the  upper  6 km 
( Eaton  et  al . ) . 

18.  Surface  faulting  is  commonly  distributed  along  branching 

faults  or  separate  faults,  in  a zone  that  may  be  approximately  oval  in 

do 

form  (see  United  States  Department  of  Commerce'"  for  reports  on  geodetic 
measurements  of  crustal  movement,  1906-71 )•  Plastic  deformation  or  fold- 
ing in  surficial  soil,  sediments,  and  bedrock  may  cause  irregularities 
of  displacements  or  gaps  along  main  structural  trends.  The  complex 
fracture  patterns  that  form  on  different  slip  types  of  faults  are  shown 
in  the  following  examples: 

a.  Normal-slip  faults:  1915  Pleasant  Valley,  Nevada,  earth- 

quake zone  with  four  separate  en  echelon  normal-slip 
faults  (Figure  7). 

b_.  Normal-,  normal-oblique-,  and  strike-slip  faults:  195^ 

earthquake  sequence  in  central  Nevada  with  at  least  six 
separate  north-south  trending  faults  in  a zone  58  miles 
long  and  29  miles  wide  (Figure  8). 

c_.  Reverse-slip  and  reverse-oblique-sli;  faults:  19~i  -'an 

Fernando,  California,  zone  of  discontinuous  faulting 
(Figure  9). 

ci.  Strike-slip  faults:  1968  Borrego  Mountain,  California, 

zone  of  irregular  surface  faulting  along  three  segments 
of  the  Coyote  Creek  fault  zone  (Figure  10). 

19.  Normal-slip,  reverse-slip,  and  oblique-slip  faults  generally 
have  scarp  heights  and  fault  displacements  that  vary  from  zero  at  each 
end  to  maximum  offset  in  the  central  section  (bilateral  symmetry),  but 
uneven  propagation  of  the  fault  to  the  surface  may  lead  to  a sawtooth 
fault  pattern.  Some  faults  have  maximum  displacements  near  one  end  of 
the  fault  (unilateral  symmetry).  Although  strike-slip  faults  tend  to 
have  more  consistent  amount  of  displacement  along  the  fault,  the  mea- 
sured displacements  may  be  irregular,  as  in  the  case  of  the  1968 
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Figure  S.  Discontinuous 
normal-slip  and  normal- 
oblique-slip  surface 
faulting  from  the  195*+ 
sequence  of  four  earth- 
quakes in  central  Nevada, 
the  July  5,  195*+,  south- 
ern Rainbow  Mountain 
faulting,  the  August  23, 
195*+  , reactivation  of  the 
Rainbow  Mountain  fault 
zone,  the  December  1 6, 
195*+ , Fairview  Peak  sys- 
tem of  faulting,  and  the 
Dixie  Valley  system  of 
faults  of  December  195*+- 
The  region  of  deforma- 
tion forms  a zone  of  58 
miles  (93  km)  length  and 
29  miles  (1*7  km)  width 
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Figure  9*  Discontinuous  reverse-slip  and  reverse-oblique-slij  fault in 
geodetic  deformation,  and  aftershock  earthquakes  from  the  February  19" 
San  Fernando,  California,  earthquake.  Note  complex  shatter  pattern  cf 
faulting  that  is  generalised  on  this  map 
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Figure  10.  Discontinuous  zone  of  surface  faulting  along  the  north 
central,  and  south  breaks  from  the  Borrego  Mountain  earthquake  of 
April  9,  1968  (from  Clark32) 
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Borrego  Mountain  earthquake  (Figure  6).  The  surface  displacement  may  be 
reduced  by  iistortion  or  folding  (Figures  5 and  11). 


Figure  11.  Observed  fault  displacements  on  the  San  Andreas  fault  from 
the  1900  earthquake.  Dots  are  actual  observations;  hatched  line  con- 
nected by  dashes  shows  a rough  average  of  these  data.  Bar  graph  is 
based  on  6 geodetic  profiles  across  the  fault  cone  and  the  faulting 
model  based  on  slip  on  segments  of  a 10-km-deep  fault  (Thatcher?"’1*0). 
Many  of  the  measured  field  observations  appear  to  be  smaller  than  the 
geouetic  values  as  the  result  of  local  drag  or  distortion 

rifficult.y  in  Determination  of  Fault  Length 

20.  Several  factors  mane  the  determination  of  fault  length  diffi- 
cult. These  problems  arise  mainly  from  the  complexities  of  interpreta- 
tion of  branching  or  distributed  patterns  of  faulting,  and  concealment 
f all  r part  many  fault  zones.  This  results  in  part 
that  for  earthquakes  of  less  than  about  7 magnitude,  most 


. 
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activated  fault  plane  may  be  concealed  in  the  lithospheric  plate  beneath 
the  eartii's  surface.  Difficulties  in  the  determinative  curves  relating 
earthquake  magnitude  to  fault  length  are  often  derived  from  inadequate 
data  for  many  of  the  historic  examples  of  surface  faulting,  and  the  vari- 
ation of  the  proportion  of  total  fault  length  activated  during  a given 
earthquake  is  from  less  than  1 percent  to  as  much  as  100  percent. 

21.  Factors  that  make  the  determination  of  the  length  of  a given 
fault  difficult  include : 

a.  The  fault  may  change  from  an  active  fault  along  some  seg- 
ments into  an  inactive  fault  along  other  segments. 

b_.  Many  faults  are  not  linear,  or  are  iiffi  :ult  t 1 --ace. 

c_.  Faults  may  change  along  their  length  in  amount  of  dis- 
placement or  type  of  slip,  making  these  characteristics 
difficult  to  recognize  or  evaluate. 

a.  The  fault  may  belong  t a ■ mi  Lex  swarm  of  individual 

ruptures,  thereby  making  the  continuity  of  the  structure 
at  depth  difficult  to  distinguish. 

e.  Faults  commonly  belong  to  conjugate  systems,  with  tecton- 
ically related  faults  of  different  orientations  and  slip 
types. 

_f.  Postfaulting  erosion  can  modify  the  appearance  of  the 
fault  scarp,  making  it  difficult  to  trace. 

eq  Concealment  by  the  ocean,  lakes,  glaciers,  streams,  and 
geologically  young  sediments  may  cover  or  interrupt  the 
outcrop  of  a fault . 

h.  The  tectonic  disturbance  may  change  from  fractures  into 
warps  or  folds,  and  thereby  affect  the  appearance  f the 
fault . 

Design  Earthquakes  from  Fault  Length  and 
Maximum  Displacement  Data 

22.  Analysis  of  moderate  to  high  magnitude  earthquakes  requires 
consideration  of  two  types  of  design  parameters. 

a.  The  magnitude  of  earthquakes  likely  to  be  generated  by 
future  fault  displacements  and  resulting  ground  motion 
at  sites  at  various  distances  from  the  earthquake 
epicenter. 

b.  The  extent,  position,  and  maximum  amount  of  displace:  - i I 
along  surface  fault  ruptures. 
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23.  To  determine  the  anticipated  earthquake  ground  motion  at  a 

given  site,  it  is  necessary  to  evaluate  important  active  faults  both  near 

and  at  considerable  distances  from  the  site  for  which  design  is  required. 

Since  seismic  vibrations  attenuate  with  distance,  the  design  earthquake;: 

for  a specific  site  may  include  a moderate  magnitude  earthquake  from  a 

nearby  fault  and/or  a large  earthquake  from  a distant  major  fault.  When 

a major  fault  is  near  the  site,  more  distant  faults  are  generally  not 

used  for  design  earthquakes  unless  earthquake  frequency  or  recurrence  is 

an  important  consideration.  Analysis  of  the  length  of  the  fault  and  the 

maximum  displacements  that  have  occurred  on  the  fault  leads  to  the  design 

earthquake  magnitude  and  distance  of  the  epicenter  from  the  site.  From 

1*1  1*2 

these  parameters,  Hofmann  and  Krinitzsky  and  Chang  outline  methods 

by  which  the  earthquake  intensity,  peak  acceleration,  peal;  velocity,  and 

peak  displacement  can  be  determined.  In  addition,  it  is  possible  to 

estimate  the  duration  of  the  period  of  strong  ground  motion  from  the  re- 

1*1 

lations  given  m Hofmann.  Tabulation  of  these  data  for  all  significant 
faults  for  the  site  will  assist  in  determination  of  design  parameters. 

The  tendency  for  active  faults  to  show  similar  rates,  types  of  slips,  ana 
amounts  of  displacement  during  repetitions  of  activity  permits  the  esti- 
mate that  future  activity  along  a given  fault  will  follow  the  pattern  in 
time  and  space  that  characterized  the  past  several  events.  Geomorphie 
and  stratigraphic  data  commonly  provide  the  essential  information  neces- 
sary for  estimating  future  displacements  at  specific  sites  along  the 
fault  zone  from  this  and  the  sizes  of  associated  earthquakes. 

2k.  Determination  or  estimation  of  the  fault's  position  relative 
to  the  site,  type  of  displacement  to  be  expected,  attitude  of  fault 
plane,  length  of  fault  zone,  and  maximum  displacement  as  shown  by  pre- 
vious events,  provides  a basis  for  determining  the  design  earthquake. 
Although  the  earthquake  may  have  a focus  at  one  end  (unilateral  symmetry) 
or  the  middle  (bilateral  symmetry)  of  the  fault  zone,  the  main  energy 
release  is  from  the  fault  surface  and  adjoining  rock,  so  the  important 
design  distance  is  usually  the  shortest  distance  to  the  activated  fault. 
This  distat. ee  from  fault  to  site,  and  the  earthquake  magnitude,  permi ' 


determination  of  the  desired  design  parameters  by  the  relations  Listed 
in  Table  1. 
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PART  II:  DETAILED  RELATION  OF  EARTHQUAKE  MAGNITUDE  TO 

FAULT  LENGTH  AND  MAXIMUM  DISPLACEMENT 


General  Statement 


25.  Two  methods  have  been  used  to  determine  the  relation  between 

earthquake  magnitude  and  fault  length:  (a)  empirical  studies  based  on 

field  observations  of  surface  faulting  from  earthquakes  (Tocher, 4 

r ^ g q 

Iida,'4’  Albee  and  Smith,  Bonilla, u’  and  Bonilla  and  Buchanan4)  and 
(b)  focal  mechanism  studies  of  dislocations  based  on  seismologie  and 
elasticity  theory  that  relates  seismic  energy  release,  focal  mechanisms, 
and  source  parameters.  Several  studies  of  source  mechanisms  have  dis- 
cussed the  disagreement  in  relations  obtained  from  the  earlier  fault 
compilations  (Press, Brune  and  Allen, ^ King  and  Knopoff,*”  and 
Chinnery^1).  However,  the  more  recent  empirical  curves  of  Bonilla  ’ ' 

and  Bonilla  and  Buchanan"*-  closely  approximate  the  seismoiogical  dislo- 

13  IT 

cation  models  of  Chinnery  and  Wyss  and  Brune. 

26.  The  source  mechanism  studies  for  a wide  range  of  earthquake 
magnitudes  suggest  that  for  large  earthquakes  where  the  length  (L)  of 

2 

the  source  is  large  relative  to  the  depth  to  the  plastic  zone,  the  Lw 

area  dependence  on  energy  release  gives  good  agreement  with  the  empirical 

data.  For  smaller  energy  release,  where  the  source  area  of  deformation 

is  above  the  plastic  zone,  an  L^  volume  dependence  may  be  more  closely 

related  to  energy  release.  For  this  latter  case,  the  source  parameter 

data  should  fall  more  nearly  on  the  curve  of  Press  ' shown  in  Figure  1. 

This  source  relation  appears  to  be  appropriate  for  explosion  sources. 

17 

Wyss  and  Brune  plot  the  relation  shown  in  Figure  1 for  fault  lengths 

defined  by  earthquakes  of  smaller  source  dimensions  and  combined  seismic 

wavi  ana  ysis  and  field  observation  of  fault  displacement.  The  curv- 

Wyss  and  Brune1 1 is  in  good  agreement  with  the  straight-line  relation 

1 

of  Bonilla  and  Buchanan  lata  for  strike-slip  surface  faulting. 

27.  In  their  statistical  analysis,  Bonilla  and  Buchanan4  indi- 
cate that  less  than  one-half  of  the  energy  contribution  to  magnitude  is 

th  faull  Length  pa  ran  eter.  his  mphasiz*  - need  1 ip]  menl 
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M versus  log  L determinations  with  M versus  log  D determinations. 

The  wide  variation  in  values  a and  b in  the  equations  that  follow 
is  mainly  the  result  of  a small  statistical  sample.  Additional  scatter 
is  introduced  by  variable  quality  of  supporting  field  studies  and  mag- 
nitude determinations . 

28.  This  section  summarizes  the  relations  obtained  by  previous 
workers  for  least  squares  fit  of  the  equation  for  a straight  line, 
y = a + bx  . Part  VI  establishes  new  equations  and  charts,  based  on 
additional  and  more  recent  data.  The  new  formulations  have  less  scat- 
ter and  have  improved  correlation  coefficients.  Workers  are  cautioned 
that,  for  a given  data  set,  the  linear  regression  analysis  which  leads 
to  the  solution  of  the  equation  log  x = a + bM  is  not  mathematically 
equivalent  to  the  equation  M = a + b log  x . Accordingly,  the  lines 
for  the  two  equations  are  not  in  the  same  position  when  plotted  on  a 
graph  with  the  same  coordinates.  Since  the  normal  procedure  of  fault 
analysis  is  to  infer  from  field  fault  parameters  the  magnitudes  of  earth- 
quakes that  are  generated  from  a given  fault  length  or  maximum  displace- 
ment, the  equations  and  graphs  of  this  paper  are  based  on  such  formula- 
tions as  M = a + b log  D , M = a + b log  L , M = a + b log  LP  , and 
2 

M = a + b log  LD  . The  data  of  Bonilla  and  Buchanan  were  recalcu- 
lated by  linear  regression  analysis  in  order  for  the  data  to  be  readily 
compared  in  Tables  2 through  7 and  11  through  15,  and  for  Figures  1 and 
25  through  29. 


Empirical  Relation  of  Logarithm  of  Maximum  Pi: 
(Log  P)  to  Magnitude  (M) 


29.  This  relation  provides  a statistically  better  correlation 
than  between  fault  length  and  magnitude  and  is  based  on  the  maximum  sur- 
face displacement  that  has  occurred  during  past  earthquakes  along  the 
fault.  Application  of  this  relation  may  require  more  detailed  studies 
of  stratigraphic,  soil,  or  geomorphic  offsets  than  fault  length.  Ta- 
ble 2 summarizes  published  formulations  of  this  relation,  based  cr.  •lot- 
straight-line  correlation  of:  M = a + b log  D . 
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Table  2 


Relation  of  Earthquake  Magnitude  (M)  to  Logarithm  of  Maximum 
Displacement  (log  D):  M = a + b Lob  D 


Reference 

Region 

Type  of  Fault 

No.  of 
Events 

a 

b 

D 

_ , U 
Tocher 

Calif.-Nev. 

All 

9 

7-012 

0.720 

# 

Iida^ 

Worldwide 

All 

58 

6.836 

1.818 

m 

Bonilla 

and 

Buchanan‘S 

North  America 

All 

19 

6.838 

1.169 

m 

Bonilla 

and 

Buchanan‘S 

Worldwide 

All 

50 

6.890 

1.105 

m 

Bonilla 

and 

Buchanan‘S 

Worldwide 

A normal-slip 

lU 

6.853 

0.841 

m 

Bonilla 

and 

Buchanan^- 

Worldwide 

B reverse-slip 

7 

7.166 

1.280 

m 

Bonilla 

and 

Buchanan''' 

Worldwide 

C normal-oblique-slip 

7 

7-094 

0.065 

m 

Bonilla 

and 

Bucnanan^ 

Worldwide 

D reverse-oblique-slip 

5 

6.928 

0.067 

m 

Bonilla 

and 

Buchanan'' 

Worldwide 

E strike-slip 

17 

6.881 

1.332 

m 

Empirical 

Relation  of 

Logarithm  of  Fault 

Length 

(Log 

L) 

to  Logarithm  of  Maximum  Fault  Displacement  (Log  D) 


30. 


This  relation  permits  the  estimation  of  maximum  fault  dis- 


placements along  a fault  of  known  length.  The  relation  shows  a very 


good  statistical  correlation.  Table  3 summarizes  published  formulations 
of  this  relation,  based  on  the  straight-line  correlation  of: 
log  D = a + b log  L. 


Table  3 


Relation  of 

Logarithm  of 

Maximum  Displacement 

(Log  D)  to 

Logarithm  of  Fault 

Length 

(Log  L):  Log  D = a 

+ b Log  L 

No.  of 

Reference 

Region 

Type  of  Fault 

Events 

a 

b 

D 

L 

1* 

Tocher 

Cali f . -Nev. 

All 

9 

-2.809 

0.664 

m 

m 

lida® 

Worldwide 

All 

59 

-3 . UUl* 

1.075 

m 

km 

Bonilla 

and 

Buchanan' 

North  America  All 

19 

-4.268 

0.952 

m 

m 

Bonilla 

and 

Buchanan‘S 

Worldwide 

All 

6l 

-2.240 

0.558 

m 

m 

Bonilla 

and 

Buchanan 

Worldwide 

A normal-slip 

20 

-3.136 

0.775 

m 

m 

Bonilla 

and 

Buchanan' 

Worldwide 

B reverse-slip 

8 

0.152 

0.035 

m 

m 

Bonilla 

and 

Buchanan‘S 

Worldwide 

C normal-oblique- 

*7 

0.198 

0.042 

m 

m 

slip 

Bonilla 

and 

Buchanan^ 

Worldwide 

D reverse-oblique 

5 

-1.641 

0.451 

m 

m 

slip 

Bonilla 

and 

Buchanan‘S 

Worldwide 

E strike-slip 

21 

-3.273 

0.752 

m 

m 

3U 


Empirical  Relation  of  Logarithm  of  Fault  Length 
(Log  L)  to  Magnitude  (M) 


31.  This  is  the  most  widely  used  relation  for  estimating  the 
magnitude  of  earthquakes  likely  to  he  generated  hy  future  earthquakes 
along  faults  of  known  length.  Table  h summarizes  published  formulations 
of  this  relation,  based  on  the  straight-line  correlation  of: 

M = a + b log  L . 

7 

32.  Albee  and  Smith  evaluated  problems  of  earthquake  risk  and 
design  for  southern  California.  They  tabulated  earthquake  magnitude  and 
surface  fault  lengths  for  19  earthquakes  in  California,  Nevada,  and 
Baja,  California,  and  included  also  22  earthquakes  without  surface  fault- 
ing by  use  of  the  size  (length)  of  the  aftershock  region  (Figure  12). 


Table  U 

Relation  of  Earthquake  Magnitude  (M)  to  Logarithm  of  Fault 
length  il.og  lj:  H = a + b Log  L 


Reference 

Region 

Type  of  Fault 

No.  of 
Events 

a 

b 

L 

u 

Tocher 

California-Nevada 

All 

10 

3.415 

0.825 

m 

lida5 

Worldwide 

All 

35 

6.27 

0.63 

km 

Iida5 

Japan  and  vicinity 

All 

12 

6.62 

0.49 

km 

Iida^ 

Worldwide 

All 

54 

6.07 

0.76 

km 

Bonilla 

and 

Buchanan" 

North  America 

All 

l4 

2.008 

1.075 

m 

Bonilla 

and 

Buchanan^- 

Worldwide 

All 

53 

3.757 

0.758 

m 

Bonilla 

and 

Buchanan^ 

Worldwide 

A normal-slip 

It 

4.303 

0.630 

m 

Bonilla 

and 

Buchanan‘S 

Worldwide 

B reverse-slip 

7 

7.497 

0.047 

m 

Bonilla 

and 

Buchanan'*' 

Worldwide 

C normal-oblique* 
slip 

7 

3.828 

0.751 

m 

Bonilla 

and 

Buchanan'*' 

Worldwide 

D reverse-oblique- 
slip 

5 

7.137 

-0.049 

m 

Bonilla 

and 

Buchanan‘S 

Worldwide 

E strike-slip 

20 

1.239 

1.242 

m 

57 

Matsuda 

Japan 

All 

14 

-4.833* 

1.667* 

km 

* Regression  analysis  for  log  L = a + bM  . 
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1 721^1,0  Figure  12.  Relation  of  earthquake 

- }~y 1,1  magnitude  to  length  of  associated 

/-  surface  faulting  or  long  axis  of 

— y — TV1'*  aftershock  area  (from  Albee  and 
* / „ j / Smith7).  Curve  A is  the  approxi- 

y j . 24  mate  limiting  curve  and  Curve  B is 
— .“J/  i. — a curve  of  best  fit 
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Their  results  suggest  that  shallow- 
focus  smaller  earthquakes  without  sur- 
face faulting  fall  on  the  same  curve 
as  larger  magnitude  earthquakes  with 
surface  faulting.  Their  figure  sug- 
gests that  a curved  relation  exists 
between  magnitude  and  length  of  as- 
sociated surface  faulting. 


Empirical  Relation  of  Logarithm  of  Fault  Length  (L)  Times 
Maximum  Displacement  (D)  to  Magnitude  (M) 

33-  This  relation  has  been  used  for  seismological  studies,  but 
since  previous  field  studies  have  seldom  resolved  both  fault  length  and 
maximum  displacement  during  previous  earthquakes  along  the  fault,  it 
has  received  little  use  in  determining  design  earthquakes.  This  rela- 
tion should  be  more  representative  of  earthauake  volume,  the  volume  of 
rock  with  elastic  seismic  energy  release,  and  it  should  be  used  whenever 
both  fault  parameters  are  known.  The  very  good  statistical  correlation 
is  similar  to  that  for  magnitude  versus  displacement  correlations  and 
is  better  than  magnitude  versus  length  correlations,  although  the  stan- 
dard deviation  of  M is  much  larger.  Table  5 summarizes  published  for- 
mulations of  this  relation,  based  on  the  straight-line  correlation  of: 

M = a + b log  LD  . 

irical  Relation  of  Logarithm  of  Fault  Length  Times  the 


Square  of  Displacement  (log  LD^ ) to  Magnitude  (M) 

34.  This  relation  was  proposed  by  King  and  Knopoff1,+  as  the  most 
representative  fault  parameter  measure  for  correlation  with  magnitude. 
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Relation  of  Magnitude  (M)  to  Logarithm  of  Fault  Length  (L)  Tines 
Displacement  (D):  M = a b Log  LD 


Reference 

Region 

Type  of  Fault 

No.  of 
Events 

a 

b 

L_ 

D _ 

it 

Tocher 

North  America 

All 

7 

>*.976 

0.  1*61+ 

m 

m 

Iida5 

Japan 

All 

11 

6.19 

0.35 

km 

cm 

Iida5 

Worldwide 

All 

52 

5.39 

0.1*8 

km 

cm 

Bonilla 

and 

Buchanan^ 

North  America 

All 

19 

3.81*5 

0.667 

m 

m 

Bonilla 

and. 

Buchanan1 

Worldwide 

All 

1*8 

>*.576 

0 . 51*8 

m 

m 

Bonilla 

and 

Buchanan'*' 

Worldwide 

A normal-slip 

D* 

>*.92l* 

0.1*67 

m 

m 

Bonilla 

and 

Buchanan'*' 

Worldwide 

B reverse-slip 

6 

6.200 

0.31>* 

m 

m 

Bonilla 

and 

Buchanan'*' 

Worldwide 

C normal-oblique- 
slip 

6 

5.318 

0.371* 

m 

m 

Bonilla 

and 

Buchanan 

Worldwide 

D reverse-oblique- 
slip 

5 

7.000 

-0.011* 

m 

Bonilla 

and 

Buchanan 

Worldwide 

E strike-slip 

17 

3.797 

0.722 

m 

m 

Bonilla  and  Buchanan1 *  compiled  the  relations  listed  in  Table  6,  based 

2 

on  the  straight-line  correlation  of:  M = a + b log  LD  . The  statis- 

2 

tical  correlation  between  magnitude  and  the  logarithm  of  LD  is  very 
good,  although  the  standard  deviation  of  the  magnitude  is  larger  than 
for  the  relation  to  fault  length  or  maximum  displacement. 


Table  6 

Relation  of  Earthquake  Magnitude  (M)  to  Logarithm  of  Fault  Length  jl) 
Times  Displacement  (D)  Squared:  M » a ♦ b Log  LD2 


Reference 

Region 

Type  of  Fault 

No.  of 
Events 

a 

b 

I. 

D 

u 

Tocher 

Cali fornia-Nevada 

All 

9 

5.7C8 

0.296 

m 

m 

Iida^ 

Worldwide 

All 

52 

2.980 

0.1*08 

cm 

cm 

King  and  Knopoff1*4 

Worldwide 

All 

1*2 

1. 395* 

0.526* 

cm 

cm 

Bonilla  and  Buchanan*" 

North  America 

All 

19 

L.880 

0.1*36 

m 

m 

Bonilla  and  Buchanan*" 

Worldwide 

All 

1*8 

5.258 

0.386 

m 

m 

Bonilla  and  Buchanan1 

Worldwide 

A normal-slip 

it 

5.567 

0.310 

m 

m 

Bonilla  and  Buchanan"*" 

Worldwide 

B reverse-slip 

6 

6. 1*1*1 

0.21*9 

m 

m 

Bonilla  and  Buchanan*" 

Worldwide 

C normal-oblique- 

slip  6 

6.112 

0.200 

m 

m 

Bonilla  and  Buchanan1 

Worldwide 

D reverse-oblique 

5 

6.955 

-0.003 

m 

m 

slip 

Bonilla  and  Buchanan*" 

Worldwide 

E strike-slip 

17 

l*  .668 

0.1*83 

m 

m 

2 

* Linear  regression  analysis  for  log  LD  = a ♦ bM  . 
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PART  III:  RELATION  BETWEEN  PLATE  TECTONICS,  FAULT  TYPE, 

MAXIMUM  FAULT  DISPLACEMENT,  FAULT  LENGTIi, 

AND  EARTHQUAKE  MAGNITUDE 


Introduction 


35.  Review  of  the  listings  of  active  faults  that  have  had  his- 
t ric  surface  faulting  during  earthquakes  (Bonilla,  Bonilla  and 
Buchanan  ) indicates  that  nearly  all  are  at  or  near  major  earth  plate 
boundaries  as  defined  in  recent  papers  dealing  with  plate  tectonics  or 
new  gl  )bal  tectonics  (e.g.  Isacks  et  al.  Le  Pi chon,  Dewey  and 
Bird,'  ' Morgan, ^ and  Oliver."^  The  slip  types  of  faults,  their  focal 
depths  ana  mechanisms,  and  sizes  of  the  geodetic  zones  of  deformation 
all  suggest  that  they  are  related  to  strain  and  failure  in  the  earth's 
crust,  or  upper  mantle.  The  slip  types  accordingly  are  diagnostic  of 
the  major  tectonic  affinity  of  the  faults,  with  (a)  the  shallow-  to 
deep-focus  megathrusts  related  to  zones  of  subduction  or  plate  conver- 
gence (Figure  13),  (b)  the  normal  faults  related  to  extension  along 
rises  and  rift  zones,  or  as  subordinate  faults  of  other  tectonically 
active  regions,  (c)  the  reverse-slip  faults  related  to  cordillera 
mountain  building  with  compressional  tectonic  activity,  and  (d)  the 
major  strike-slip  faults  formed  by  subparallel  plate  movements  at 
different  rates  along  major  plate  or  subplate  boundaries. 

36.  Nearly  all  of  the  seismic  energy  release  is  distributed, 
along  with  the  potential  for  associated  surface  faulting,  in  regions 
with  high  rates  (2  or  more  cm/yr ) of  regional  deformation  or  strain 
across  the  plate  or  subplate  boundaries.  Regions  within  the  main  plates 
are  generally  aseismic  or  weakly  seismic,  and  account  for  a very  small 
amount  of  the  total  seismic  energy  release. 

37-  Examination  of  the  locations  for  historic  examples  of  sur- 
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face  faulting  listed  by  Bonilla  ’ and  Bonilla  and  Buchanan  indicates 
that  nearly  all  of  the  events  occurred  along  or  near  the  major  plate 
bum  lari  , or  along  tectonically  conspicuous  subplate  boundaries.  The 
slip  types  determined  at  the  surface  of  nearly  all  events  agree  with 
their  seismologically  determined  focal  mechanisms  (Smith  and  SbarJt  ), 
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Figure  13.  Major  tectonic  plates  (after  Le  Pichon59) 
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and  with  the  known  character  of  the  tectonic  zones  to  which  they  belong. 
The  slip  types  accordingly  are  diagnostic  of  the  major  tectonic  affinity 
of  the  faults,  whether  to  megathrust  zones,  rift  zones,  cordillera  moun- 
tain belts,  or  conjugate  zones  of  complex,  but  genetically  related, 
types  of  faulting.  Subduction  zones  of  major  compressional  tectonics 
are  limited  to  regions  adjoining  oceanic  trenches  (Figure  13),  and  with 
maximum  focal  depths  that  become  progressively  deeper  inland  from  the 
trench-continental  shelf  area.  Major  strike-slip  faults,  sometimes  with 
great  lengths,  may  be  present  in  a variety  of  the  plate  and  subplate 
boundary  situations,  including  the  lithosphere  above  Benioff  or  mega- 
thrust fault  zones,  where  minor  or  local  reverse-slip  and  normal-slip 
faults  may  also  be  present.  The  normal-slip  faults  are  most  abundant 
along  major  extensional  fault  systems  of  rises  and  rifts  in  both  oceanic 
and  continental  regions,  with  subordinate  conjugate  strike-slip  or  local 
reverse-slip  faults.  The  cordilleran  mountain  belts  of  many  continental 
regions  are  marked  by  regions  of  both  compressional  and  extensional 
faulting,  often  with  patterns  of  strike-slip  or  oblique-slip  conjugate 
faults . 

38.  The  intraplate  zones,  with  only  a few  exceptions  (New  Madrid 
earthquakes,  l8ll-l8l2;  Charleston,  South  Carolina,  1886;  etc.)  are 
either  aseismic,  or  are  weakly  active  with  earthquakes  generally  havinr 
magnitudes  less  than  5 or  to  5- 5-  The  methods  discussed  in  this  repcr* 
may  not  be  applicable  to  intraplate  regions,  unless  active  surface 
faults  are  present  and  their  behavior  can  be  shown  to  be  similar  to 
that  of  the  faults  near  main  plate  boundaries. 


39-  The  megathrust,  underthrust,  or  subduction  zones  were  first 

33 

recognized  from  seismic  evidence  by  Benioff  ' for  the  great  fault  zone 
along  the  South  America  trench  (Figure  13),  a zone  some  U50O  km  in 
length  that  dips  eastward  beneath  the  Andes  and  extends  downward  to 
depths  of  about  650  km.  Other  examples  include  parts  of  the  Circum- 
Pacific  Belt,  including  the  subduction  zones  of  New  Zealand,  Tonga 
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Trench,  Japan,  Kurile  Islands,  Kamchatka,  the  Aleutian  arc,  and  the 
south  coast  of  Central  America.  These  zones  represent  regions  of  rapid 
(up  to  13  cm/yr)  collision  of  major  earth  plates  and  have  many  historic 
earthquakes  between  8 and  8.5  magnitude.  The  surface  expression  of  the 
megathrust  fault  zone  is  generally  offshore  from  the  continents  at  the 
ocean  trenches  or  on  the  adjoining  continental  shelf.  Focal  mechanisms 
and  focal  depths  show  that  such  megathrusts  vary  in  dip  from  about 
10  deg  for  southern  Alaska  to  about  30  deg  for  South  America  and  about 
60  deg  in  the  Tonga  region.  The  focal  mechanisms  for  shallower  earth- 
quakes above  such  megathrust  or  Benioff  fault  zones  may  include  strike- 
slip,  dip-slip,  as  well  as  reverse-slip  events. 

1+0.  The  only  megathrust  zone  that  affects  continental  United 
States  is  in  southern  Alaska.  There  the  fault  plane  extends  from  a i i s - 
continuous  zone  of  surface  faulting,  mainly  on  offshore  parts  of  the  con- 
tinental shelf,  inland  to  depths  of  170  km  in  the  region  beneath  the 
Alaska  Range.  Although  this  subduction  zone  fault  is  reverse-slip,  :■  .•* 
of  the  active  faults  of  Alaska  (Brogan  et  al.  '),  including  those  that 
lie  above  this  fault  plane,  are  mainly  strike-slip  faults  (Denali, 
Totschunda,  and  Kobuk-Alatna  Hills  faults),  high-angle-of-dip  rever  ■ - 
slip  faults  (Hanning  Bay  and  Patton  Bay  faults),  or  normal -slip  fault.' 
(Donnelly  Dome,  Granite  Mountain  faults;  the  Johnstone-Icy  Bay  and 
Ragged  Mountain  faults),  and  the  Castle  Mountain  normal-slip  or  oblique- 
slip  fault.  Some  of  these  faults  may  change  in  character  with  change 
in  strike;  thus  the  Fairweather  fault  zone  is  a strike-slip  fault  where 
it  is  parallel  to  the  northwestward  direction  of  plate  movement  of  the 
Pacific  plate,  but  may  change  to  a reverse-slip  fault  zone  where  it 
turns  westward  to  parallel  the  megathrust  belt  and  Aleutian  Trench 
(Plafker,^  and  Kelleher  and  Savino^).  The  active  faults  of  the  hin- 
terland may  have  the  same  aspects  as  the  fold  and  fault  mountain  belts 
of  the  cordilleran-type  regions  and  may  have  shallow-focus  earthquakes 
and  active  faults. 

1+1.  Megathrust  faults  may  have  great  earthquakes,  as  shown  by 
the  Alaska  earthquake  of  1961+,  with  8.5  magnitude,  and  probably  develop 
a surface  fault  zone  of  irregular,  complex  surface  expression  and  great 

1+1 


geodetic  deformation  (fault  about  800  km  in  length,  150-250  km  in  width, 

and  9 deg  in  dip;  Savage  and  Hastie,^  and  Plafker0" . These  great 

earthquakes  have  short  recurrence  intervals  that  can  be  determined  by 

shoreline  deformation  (Plafker^4),  and  the  future  great  earthquakes  of 

such  zones  will  tend  to  fill  gaps  in  historic  activity  (Kelleher  and 
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Savino  ).  The  maximum  earthquake  for  megathrust  zones  may  exceed  8.5. 

k2.  Estimation  of  design  earthquakes  for  shallow-focus  events 
from  the  many  normal-slip,  strike-slip,  oblique-slip,  and  shorter 
reverse-slip  faults  above  the  megathrust  zone  should  be  undertaken  in- 
dependently of  the  megathrust  fault.  For  example,  design  earthquakes 
of  the  main  active  faults  in  inland  Alaska  should  be  determined  indi- 
vidually for  each  fault  by  the  procedures  outlined  in  this  text,  using 
fault  length  and  maximum  fault  displacement  relations  to  predict  maximum 
possible  earthquake  magnitudes.  The  I96U  earthquake  may  not  have  re- 
lieved strain  on  these  faults.  The  highest  magnitude  earthquake  for 
faults  of  such  fault  types  in  megathrust  regions  appears  to  be  about  8.3. 

Faults  of  Rises  and  Rift  Zones 


1*3.  Active  oceanic  rises,  ridges,  and  rifts  have  dominantly  ex- 
tensional  stress  systems  with  faults  that  generally  are  parallel  to  the 
main  structures.  Conjugate  oblique  or  cross-fracture  systems  and  trans- 
form faults  develop  with  oblique-slip  or  strike-slip  faulting.  The 
systems  have  continental  extensions,  or  have  analogous  continental 
counterparts,  as  with  the  Basin  and  Range  Province  of  western  United 
Suates.  The  faults  are  dominantly  high  angle  to  moderate  angle  with 
a strong  tendency  for  faults  to  dip  at  angles  of  about  60  deg.  The 
faults  form  swarms,  generally  linear,  but  often  arcuate  near  their 
terminations , with  many  types  of  grouped  patterns  that  include  step- 
faulted  groupings,  en  echelon  sets,  orthogonal  sets,  rotated  or  tilted 
block  mountains,  and  hinged  faults  that  may  reverse  in  the  side  that  is 
up-faulted.  Many  of  the  fracture  patterns  resemble  landslide  structures 
and  other  gravity  types  of  tensional  failure.  Strike-slip  faults  are 
relatively  rare,  or  form  generally  short  conjugate  sets  that  trend  at 
medium  angles  to  the  main  tension  and  compression  axes.  The  tension 
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and  compression  axes  can  be  defined  by  careful  field  geological  studies 
of  the  faults,  by  focal  mechanisms  of  earthquakes,  geodetic  changes  be- 
fore and  after  earthquakes,  strain  meter  measurements,  and  orientation 
of  predominant  sets  of  igneous  dikes.  Examples  include  the  faults  of 
Iceland  and  African  Rift  systems.  The  similar  Rio  Grande  Rift  system 
and  the  Basin  and  Range  Province  of  western  United  States  are  included 
in  the  section  on  faults  of  cordillera  mountain  zones. 

UU.  The  extensional  fault  systems  and  related  transform  faults 
have  earthquake  magnitudes  of  up  to  about  8 for  the  oceanic  rift  sys- 
tems, and  about  8 to  8.3  for  continental  zones  as  shown  by  the  Owens 
Valley  earthquake  of  1872. 

Faults  of  Cordillera  Mountain  Zones 


15-  Faults  ol  many  types  are  commonly  developed  in  major  orogenic 
belts  or  cordillera  that  are  aligned  along  or  near  major  plate  or  sub- 
plate boundaries.  The  faulting  is  commonly  associated  with  folding, 
warping,  and  vertical  ground  movements.  The  faults,  as  in  the  complex 
conjugate  fault  patterns  of  central  Japan,  have  block  movements  along 
conjugate  sets  of  faults  that  involve  strike-slip,  reverse-slip,  and 
local  normal-slip  types.  The  irregular  mountainous  terrain  reflects 
variations  in  style  of  deformation  that  includes  massive  blocks  of  rela- 
atively  rigid  rocks,  commonly  granitic  in  composition,  that  may  be  up- 
lifted, tilted,  or  downdropped  with  little  internal  seismic  activity  r 
faulting.  Examples  of  this  type  of  terrain  include  the  Jierra  Nevada- 
Great  Valley  rectangular  block  in  California  (see  Figure  It ) , and  some 

of  the  smaller  blocks  in  the  region  north  of  Osaka,  Japan  (Figure  15), 
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as  reported  by  Hdzita  et  al. 

1+6.  Faults  generally  include  conjugate  strike-slip  sets  like  the 
northwest-trending  left-slip  faults  and  northeast-trending  right-slip 
faults  of  Japan,  or  the  northwest-trending  right-slip  faults  and  north- 
easterly trending  left-slip  faults  of  the  Transverse  Ranges  of  Califor- 
nia (Figure  lUb ) . The  main  tectonic  control  of  the  many  subparallel 
mountain  ranges  or  cordillera  may  be  compressional  as  with  the  mountain 
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a.  Shaded  relief  map  from  the  U.  S.  National  Atlas  (1970). 
See  Figure  lUb  for  location  of  the  Sierra  Nevada-Great 
Valley-Klamath  Mountain  area 


Figure  lb.  The  Sierra  Nevada-Great  Valley-Klamath  Mountains  region 
of  low  regional  seismicity  and  the  conjugate  right-slip  faults  of 
northwest  trend  and  left-slip  faults  of  east-west  to  northeast 

trend  (sheet  1 of  3) 
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GEOLOGIC  MAP  OF  CALIFORNIA 

Showing 

PRINCIPAL  FAULTS 

IN  RELATION  TO 

GEOMORPHIC  PROVINCES 

AND 

GENERALIZED  GEOLOGIC  UNITS 


RAHD-y  EH 


b.  Geologic  map  of  California  (after  OakeshottTO ) . Note  the  conju- 
gate northeast-trending  Garlock,  White  Wolf,  Big  Pine,  and  Santa  Ynez 
left-slip  faults,  and  the  northwest-trending  San  Andreas,  Hayward, 
Calaveras,  San  Jacinto,  and  Elsinore  right-slip  fault  systems 

Figure  lL  (sheet  2 of  3) 
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Earthquake  energy  (tectonic  flux)  map  of  southwestern  United 
States  for  1932-1961  (from  Ryall  et  al.^l) 

Figure  lU  (sheet  3 of  3) 


first  system  of  conjugate  sets 
OF  STRIKE-SLIP  faults 


Figure  15.  Four  systems  of  faults  in  southwest  Japan  (Huzita  et  al. 


blocks  of  central  Japan,  with  combinations  of  mainly  reverse-slip  and 
conjugate  sets  of  strike-slip  faults  (central  Japan),  or  be  extensional 
with  combinations  with  dominant  normal-slip  and  conjugate  sets  of  strike- 
slip  faults  (western  United  States). 

1+7-  The  maximum  magnitude  of  earthquakes  of  cordillera  mountain 
zones  varies  with  the  length  of  the  fault  zones  affected  and  the  pro- 
portion of  a given  fault  that  is  activated  by  a given  event.  The  Neo- 
dani  reverse-oblique-slip  f atilt  of  Japan  (fault  h in  Figure  15A)  was 
ruptured  from  end  to  end  during  the  1891  Nobi  or  Mino  Owari  earthquake 
of  about  8 magnitude.  The  highest  magnitude  for  long  normal-slip  fault 
zones  is  about  8.3  or  8.U,  with  most  major  earthquakes  falling  between 
7.0  and  8.0.  The  highest  strike-slip  earthquake  magnitudes  on  the 
longer  fault  zones  are  about  8.3  as  in  the  1857  and  1906  events  on 
the  San  Andreas  fault  system,  or  8.7  as  for  the  Mongolia  earthquake  of 
July  23,  1905. 
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PART  IV:  METHODS  OF  DETERMINING  FAULT 

ACTIVITY  OR  NONACTIVITY 


Introduction 


1+8.  To  classify  faults  on  the  basis  of  potential  activity  is  the 
goal  of  many  fault  studies,  and  is  the  first  step  in  applying  fault 
length  and  displacement  to  earthquake  magnitude  design  relations.  The 
determination  of  whether  or  not  a given  fault  is  active  depends  on  three 
main  kinds  of  criteria — historic,  geologic,  and  seismologic  (Table  7). 

Table  7 

Criteria  Used  for  Recognition  of  Active  Faults 
(Modified  from  Cluff  et  al.^2) 


General 

Criteria 

Geologic  Active  fault  zone  indicated  by  such  young  geomorphic  fea- 
tures as:  Fault  scarps,  triangular  facets,  fault  scarp- 

lets,  fault  rifts,  fault  slice  ridges,  shutter  ridges, 
offset  streams,  enclosed  depressions,  sags,  sag  ponds  and 
graben  valleys,  fault  troughs,  sidehili  ridges,  fault 
saddles,  and  such  ground  features  as:  Open  fissures, 

mole  tracks  and  furrows,  rejuvenated  streams,  terrace  re- 
lationships, folding  or  warping  of  young  deposits,  and 
ramps  in  young  alluvium,  en  echelon  faults  in  alluvium, 
and  fault  paths  on  young  surfaces  with  groundwater  bar- 
riers marked  by  spring  alignments  and  vegetation  con- 
trasts. Usually  combinations  of  above  features  are  pres- 
ent. Erosional  landforms  are  associated  with  many  active 
faults  but  may  not  be  diagnostic.  Stratigraphic  offset 
of  late  quaternary  deposits  by  faults  is  indicative  i 
activity. 

Historic  Historical  manuscripts,  news  or  book  accounts,  personal 

diaries,  verbal  communications,  and  legends  may  describe 
past  earthquakes,  surface  faulting,  landsliding,  fisc 
ing,  or  other  phenomena  that  may  be  associated  with  past 
earthquakes.  Usually  there  are  several  historical  ac- 
counts available.  Indications  of  fault  creep  may  be 
shown  by  offset  fences,  highways,  buildings,  etc.,  . r by 
geodetic  movements  concentrated  along  a fault. 


Seismologic  Earthquake  epicentral  distributions,  based  on  instrumental 
methods,  may  delineate  active  faults.  Lack  of  earth- 
quakes does  not  define  a fault  as  inactive. 


The  available  data  for  each  of  the  main  criteria  are  generally  incom- 
plete. Even  with  extensive  data,  additional  studies  may  be  required  to 
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resolve  questions  of  activity  for  specific  faults.  Cluff  et  al. 1 di- 
vided activity  into  four  main  categories:  active,  potentially  active, 

activity  uncertain  (with  subdivisions  of  tentatively  active  and  tenta- 
tively inactive),  and  inactive  (Table  8).  They  list  additional  studies 
needed  for  each  of  the  fault  activity  types. 

hp.  During  the  past  two  centuries,  hundreds  of  faults  have  had 

surface  displacements;  of  these,  only  about  150  have  been  noted  by  ge- 
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ologists,  with  less  than  50  noted  for  North  America  (Bonilla  ,y).  The 
remoteness  of  many  cases  of  surface  faulting,  the  small  surface  dis- 
placement, and  the  short  length  of  many  surface  faults  (e.g.  1975  Mojave 
and  1966  Parkfield-Cholame  earthquakes  in  California)  make  them  incon- 
spicuous and  many  cases  of  surface  faulting  have  not  been  recognized 
or  described.  Accordingly,  most  active  faults,  even  in  densely  popu- 
lated and  seismic  parts  of  the  U.  S. , still  require  special  studies  in 
order  to  provide  adequate  data  on  activity  or  nonactivity,  rate  of  ac- 
tivity, type  of  fault,  recurrence  interval,  and  size  of  design  earth- 
quakes for  future  activity. 


Historical  Criteria  for  Activity 


50.  Historical  data  relating  to  past  displacements  and  earth- 
quake activity  have  only  recently  become  the  subject  of  intensive  study 
and  evaluation  for  design  earthquakes.  The  source  data  are  scattered 
and  uncollated  for  mosc  regions  and  most  faults.  Thorough  analysis  of 
historical  data  generally  provides  earthquake  history  and  intensities 
for  the  preseismologic  instrumentation  period,  and  for  determining 
whether  there  has  been  historic  surface  faulting  during  earthquake  or 
creep  episodes.  Earthquake  magnitudes  can  be  determined  from  inten- 
sities. Some  sources  of  information  are  summarized  in  Table  7.  Analy- 
sis of  geodetic  and  other  leveling  and  triangular  surveys  is  now  provid- 
ing a growing  record  of  preearthquake,  earthquake,  and  postearthquake 
ground  movements  related  to  tectonic  deformation. 
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Indirect  methods  of  detecting  ground  deformation  can  also  he  obtained  by 
precise  reiaeasurement  of  gravity  stations. 

51.  The  importance  of  careful  historical  studies  is  shown  by  the 
fact  that  in  about  10  cases  out  of  1*0,  historical  surface  faulting  in 
western  North  America  was  recognized  as  the  result  of  recent  historical 
studies  or  fault  evaluations.  Such  studies  in  the  future  are  likely  to 
further  increase  the  number  of  known  examples  of  surface  faulting. 


52.  Detailed  study  of  earthquake  epicentral  distribution  of  many 

fault  zones  can  indicate  the  activity,  continuity,  location,  dip  and 

strike,  depth,  and  focal  mechanism  of  the  fault.  The  historic  seismic 

activity  on  the  Sar*  Andreas,  Sargent,  and  Hayward  fault  zones  (as  shown 
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in  Figures  28  and  29  in  Krinitzsky  ),  mainly  defined  by  microearth- 
quakes, clearly  delineates  many  of  the  active  faults  in  central  Califor- 
nia. Many  other  active  faults  in  the  same  region  show  no  microearth- 
quake  activity,  and  some  of  the  microearthquakes  do  not  appear  to  be 
related  to  known  faults  of  this  well-studied  and  well-instrumented  re- 
gion (U.  S.  Geological  Survey,  1975).  The  aftershocks  of  the  Parkfield 
earthquake  zone  of  1966  (Eaton  et  al. ) show  a well-defined,  nearly 
vertical  segment  of  the  San  Andreas  fault  (Figure  16).  Other  parts  of 
the  San  Andreas  fault  system  have  more  diffuse  branching,  or  en_  echelon 
patterns  of  surface  faults  and  epicenters,  as  is  shown  on  the  map  f the 
Borrego  Mountain  earthquakes  (Figure  17).  The  correlation  of  epicenters 
to  surface  traces  of  faults  is  best  for  aftershock  activity  and  for  high- 
angle,  strike-slip  faults,  and  is  more  difficult  in  regions  of  reverse- 
slip  and  normal-slip  faults  with  lower  dips  and  more  diffuse  branching. 
Generally  the  aftershocks  of  a large  earthquake  clearly  define  the  main 
faults.  Before  the  main  earthquake,  seismicity  is  more  dispersed  and 
may  not  correlate  specifically  with  the  faults  that  generate  the  later 
large  earthquake. 

53.  The  main  value  of  seismologic  activity  is  to  indicate  regions 
in  which  a geological  search  for  active  faults  should  be  conducted,  or 
to  define  seismic  gaps. 
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Figure  17.  Map  of  the  Borrego  Mountain  region  showing  location  of 
seismographic  stations  (triangles),  epicenter  of  main  shock,  after- 
shock epicenters  (crosses),  and  active  faults.  Faults  are  solid 
where  there  is  evidence  of  recent  or  historic  surface  breakage,  dot 
ted  where  evidence  is  less  conclusive.  Note  that  the  dense  after- 
shocks indicate  that  there  is  continuity  between  the  San  Jacinto 
and  Coyote  Creek  faults  to  the  north  and  the  Superstition  Mountain 
fault  to  the  south.  Several  branching  faults  characterize  this  sec 
tion  of  the  San  Jacinto  fault.  Compare  the  distributed  pattern  of 
aftershocks  relative  to  the  Parkfield-Cholame  aftershocks  of  1966 
(Figure  l6).  Both  aftershock  sequences  were  recorded  by  the  same 
portable  field  seismographs  (from  Hamilton "(3) 


5k.  Aftershocks  in  regions  of  historic  surface  faulting  define 
the  approximate  limits  of  the  zone  of  surface  faulting.  The  size  and 
shape  of  these  regions  are  especially  useful  in  defining  continuity  of 
subsurface  tectonism  across  gaps  of  surface  faulting,  or  to  extrapolate 
the  activity  ini  r<  n«  that  are  inaccessible  to  observation. 

Geologic  Methods 


General  comments 

55-  Four  geologic  methods  can  provide  definitive  answers  to  the 
important  question  of  whether  a given  fault  is  active  or  dead.  All  of 
these  methods  require  recognition  of  disturbance  within  or  on  young  geo- 
logic features  and  place  increased  importance  on  methods  of  dating  Quat- 
ernary events.  The  main  criteria  and  methods  (Tables  2-7)  include  rec- 
ognition of  the  following: 

a.  Stratigraphic  offset.  This  method  is  the  most  definitive 
of  the  methods  of  evaluation  and  requires  study  of  soil 
and  stratigraphic  sections  to  determine  whether  fault 
offsets  are  present  or  absent  in  young  units.  The  search 
may  be  conducted  in  stream  cuts,  landslide  scars,  soil- 
free  areas,  road  cuts,  highway  cuts,  tunnel  and  other 
man-made  excavations,  special  trenching  programs  (Taylor 
and  Cluff-^),  and  in  direct  measurement  with  geophysical 
profiling  by  seismic,  magnetic,  electric,  or  other 
methods,  and  borehole  coring  or  electrical  logging. 

b_.  Structural  features.  The  tectonic  shearing  associated 

with  faulting  commonly  brecciates,  mills,  or  grinds  rocks 
into  fine-grained  or  clayey  material;  or  tilts,  warps,  or 
folds  surrounding  materials.  Trenches  or  other  exposures 
may  reveal  open  fissures,  clay-  or  sand-filled  veinlets, 
caliche-cemented  seams,  or  other  evidence  of  systematic 
fracturing.  Adjoining  materials  may  be  bent  or  tilted 
into  anomalous  attitudes  by  tectonic  drag  along  the  fault 
zone . 

c_.  Geomorphic  features  characteristic  of  active  surface 

faults . The  identification,  delineation,  and  evaluation 
of  geomorphic  features  associated  with  active  faults  is 
the  single  most  effective  method  of  recognizing  active 
faults,  establishing  their  length,  estimating  their  max- 
imum earthquake  fault  displacements,  and  determining  the 
type  of  faulting  to  be  expected  with  future  recurrence 
of  activity.  Examples  of  historic  surface  faulting 
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include  a range  in  earthquake  magnitude  of  3.1  to  about 
8.5,  displacements  from  about  1 cm  to  10  to  ih  m,  lengths 
of  up  to  about  800  to  1000  km,  and  development  of  both 
small-scale  and  large-scale  topographic  features.  The 
landforms  developed  along  the  surface  traces  include  ex- 
tensive fault  scarps  for  all  fault -types , as  well  as  geo- 
morphic  forms  that  are  restricted  to  or  are  diagnostic  of 
particular  fault  types.  The  rupturing  of  basement  and 
surficial  materials  results  in  planes  or  regions  of  weak- 
ness which  over  geologic  time  cause  repetitive  displace- 
ments to  follow  exactly  or  almost  exactly  the  same  sur- 
face trace  for  sequences  of  many  events;  commonly  these 
have  similar  amounts  of  displacement.  This  repetitive 
character  of  surface  displacement  provides  the  basis  for 
using  length  of  fault  and  displacement  methods  of  pre- 
dicting design  events  for  future  surface  faulting  at 
sites  on  active  faults,  and  for  the  magnitude  of  design 
earthquakes  to  be  generated  along  the  faults. 

Repetitive  displace- 
ments  on  active  faults 

56.  Detailed  studies  of  active  faults  provide  many  examples  of 

repetition  of  offsets  with  similar  amounts,  rates,  and  directions  of 
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displacement  in  series  of  fault  events  ( Clark  et  al.,1  Dickinson  and 

76  77  . 78  -so 

Grantz,  Slemmons,  Sugimura  and  Matsuda, 1 and  Wallace'  ).  The  re- 
petitive character  of  faulting  during  geologic  time  leads  to  the  devel- 
opment of  larger  scale  topographic  features  and  stratigraphic  offsets 
that  normally  permit  the  identification,  characterization-  and  delinea- 
tion of  active  faults,  even  prior  to  historic  or  future  reactivation. 

The  repetitive  events  may  either  result  in  features  which  have  similar 
length  of  rupture,  amount  of  displacement,  and  slip-type  of  movement,  or 
these  may  vary  according  to  the  size  of  earthquake  from  event  to  event. 
Anomalous  events  with  reversal  of  direction  or  type  of  slip  have  been 
noted  in  a few  earthquake  areas,  but  form  a very  minor  part  of  the  tec- 
tonic record.  Specific  examples  from  different  types  of  fault  zones 
follow. 

57.  Strike-slip  fault  zones.  Dickinson  and  Grantz  show  that 
for  the  San  Andreas  fault  system,  the  rates  of  deformation  have  been 
relatively  uniform  for  long  periods  of  geologic  time  (Figure  18).  His- 
torical data  for  rate  of  deformation  include  surface  fault  geologic 
data,  geodetic  changes,  and  seismologic  studies.  The  historic  and 
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Figure  18.  Estimated  average  apparent  slip  rate  along  the  San  Andreas 
fault  zone  in  California  (after  Dickinson  and  Grantz^).  Note  the  rel- 
atively uniform  rate  during  the  last  25,000,000  years 

geologic  rates  for  the  San  Andreas  fault  are  in  good  agreement  and  indi- 
cate that  the  deformation  was  at  an  average  rate  of  about  1 to  2 cm/yr 
from  the  present  to  about  20  or  30  million  years  B.P.  and  was  about 
0.7  cm/yr  during  the  early  Tertiary. 
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58.  Clark  et  al  studied  one  branch  of  the  San  Andreas  fault 
system,  the  Coyote  Creek  fault  zone  of  the  Borrego  Mountain  earthquake 
of  1968.  Trenching  and  radiometric  dating  (Figure  19)  show  a series  of 
vertical  separations  of  sedimentary  beds  that  indicate  three  periods  of 
surface  faulting  and  related  drag:  a period  from  the  present  to  about 

860  B.P.,  with  56-cm  vertical  separation  and  a recurrence  interval  for 
1968  size  earthquakes  of  130-190  years  (l60-year  average);  a period 
from  the  present  to  about  1230  B.P.,  with  7^-cm  vertical  separation, 
and  a recurrence  interval  of  about  205  years;  and  a period  to  about 
3080  B.P. , with  170-cm  vertical  separation,  with  a recurrence  interval 
of  about  205  years.  The  1968  earthquake  yielded  a total  vertical  defor- 
mation of  about  10  cm,  with  about  5 cm  each  of  drag  and  fault  slip.  The 
field  relations  indicate  a ratio  of  vertical  separation  to  horizontal 
separation  of  about  one  to  three  or  four.  This  suggests  a Holocene 
fault  slip  rate  averaging  about  0.05  cm/yr  vertical  slip  component  and 
0.13  to  0.016  cm/yr  horizontal  slip.  This  rate  is  similar  to  the  exten- 
sion of  Coyote  Creek  fault  to  the  north,  and  with  the  San  Jacinto  fault 
zone  where  the  estimated  average  rate  of  deformation  is  about  0.25  cm/yr. 

59-  Conjugate  reverse-slip  and  strike-slip  fault  zones.  The  cen- 
tral part  of  Japan  provides  excellent  examples  of  long-term  repetitive 
faulting  associated  with  related  folding  and  tilting  of  stratigraphic 
sections,  and  block  faulting.  The  faults  are  conjugate  faults  where 
compressive  forces  developed  strike-slip,  reverse-slip,  and  oblique-slip 
faults.  Geomorphic  evidence  of  recurrence  is  clearly  demonstrated  by 

episodic  displacements  along  the  Atera  fault  (Sugimura  and  Matsuda,1' 
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and  Sugimura  ; with  cumulative  effects  on  a series  of  river  terraces 
that  vary  in  age  from  the  present  to  28,000  years  B.P.  (see  Figure  20 
and  Table  9).  The  combination  of  strike-slip  and  vertical-slip  com- 
ponents is  illustrated  in  the  block  diagram  that  shows  the  maximum  off- 
set of  lUo  m for  the  28,000-year-old  terrace.  The  fault  shows  longer 
term  topographic  effects  of  recurrence  with  major  drainage  lines  having 
about  8 km  of  horizontal  separation,  and  a pre-Quaternary  mature  erosion 
surface  with  about  800  m of  vertical  offset.  These  relations  indicate 
a 1,000,000-year  date  for  the  inception  of  the  fault,  a date  that  agrees 
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rigure  19.  South  wall  of  trench  1 showing  progressively  greater  offset 
liler  strata  and  bending  of  strata  (drag)  across  the  branching  break 
•'  th-  19bH  event.  All  deposits  appear  to  be  lacustrine,  although  some 
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Figure  20.  Block  diagrams  of  the  Atera  fault,  Japan,  offsets  of 
geomorphic  features,  river  terraces,  and  terrace  faces.  The  fault 
is  a left -oblique-slip  fault  that  offsets  a series  of  terraces 
varying  from  youngest,  I,  to  oldest,  IX.  Terrace  VIII  was  dated 
at  28,000  B.P.  by  radiometric  dating.  Primes  indicate  the 
upthrown  side  of  fault.  The  cumulative  horizontal  offset  is  ll*0  m 
the  average  horizontal  slip  rate  is  0.5  cm/yr.  The  cumulative 
vertical  slip  is  27-5  m for  an  average  vertical  slip  rate  of 
0.1  cm/yr  (from  Sugimura  and  Matsuda,f8  and  Sugimura79 ) 


Table  9 

Elements  of  Displacement  Vectors  of  the  Atera  Fault , Japan 


with  an  identical  age  determined  for  the  regional  initiation  in  central 
Honshu  of  subsidence,  uplift,  tilting  folding  of  a synclinorium,  and  ac- 
tivation of  other  faults  in  the  conjugate  fault  system. 

60.  Normal-slip  fault  zones.  Repetitive  faulting  has  also  been 
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shown  for  the  Basin  and  Range  Province  (Slernmons  ) and  by  an  unpub- 
lished study  of  basin-fill  sediments  in  the  Railroad  Valley  graben  of 
central  Nevada  by  Robert  Horton  (personal  communication,  1976).  Horton 
analyzed  drill  hole  data  from  three  deep  bore  holes  and  found  about 
80  tilted  stratigraphic  units  within  the  valley  fill.  The  units  varieo 
in  age  up  to  about  30,000,000  years,  although  the  tilting  within  the 
sequence  may  be  much  younger  than  this  date.  Horton  found  that  there 
were  episodes  of  tilting  in  a great  variety  of  directions,  so  that  the 
dip  and  strike  of  each  horizon  demonstrate  a sequence  of  tilts  that  are 
similar  to  the  fluttering  down  of  a leaf  through  the  air.  The  data  sug- 
gest that  events  of  faulting  follow  a pattern  of  similar  tilt  directions 
through  several  events  and  then  a change  into  a new  episode  of  different 
tilt  direction.  The  repetitive  effects  and  youthful  nature  of  faulting 
in  the  Basin  and  Range  region  permit  identification  of  active  faults  of 
varying  degree  or  age  of  activity. 

Geomorphic  features  of  active  faults 

61.  The  geomorphic  features  of  active  faults  generally  express 
the  rate  of  activity,  the  recency  of  last  offset,  and  the  long-term  slip 
direction.  The  faults  have  the  main,  older  and  subdued  major  landforms, 
commonly  accentuated  or  resharpened  by  each  new  faulting  event  and  with 
a pattern  of  fracturing  and  width  of  fault  zone  that  is  partly  a func- 
tion of  the  fault-dip  and  the  fault-slip  type  as  shown  in  Figure  3.  The 
recognition  and  interpretation  of  the  landforms  is  the  single  most  im- 
portant part  of  the  search  for  active  faults,  and  the  determination  of 
total  fault  length  and  maximum  fault  displacement.  The  lack  of  detailed 
descriptions  has  led  to  the  preparation  of  the  detailed  description, 
classification,  and  listing  of  typical  examples  of  Appendix  A. 

Geodetic  Methods 

62.  Recognition  of  activity  along  many  faults  is  possible  by 
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repeated  geodetic  surveys,  either  triangulation  or  leveling,  or  both 

39 

(U.  S.  Department  of  Commerce,  and  current  literature  cited  in 
37 

Thatcher  ).  Geodetic  methods  are  capable  of  detecting  and  measuring 
tectonic  strain  of  regions  or  across  active  faults.  Reduction  of  the 
geodetic  data  permits  determination  of  rates  and  directions  of  ground 
movement.  The  data  provide  another  measure  of  fault  displacement, 
either  during  earthquakes  or  by  creeping  displacements  without  earth- 
quake activity,  and  can  assist  in  identifying  the  position  of  branches 
or  focus  on  the  zone  of  current  movement  within  complex  zones  of  fault- 
ing. Precursors  of  surface  faulting  are  noted  in  changes  in  rate  and 
direction  of  geodetic  change  prior  to  faulting  events,  and  periods  of 
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postearthquake  creep  and  readjustment  have  also  been  noted  (Thatcher  ) 


Trenching  Methods 

63.  Trenching  of  fault  zones  for  evidence  of  activity  is  a rela- 
tively new  approach  to  recognition  of  active  faults  and  is  a technique 
for  obtaining  improved  exposures  of  structural  stratigraphic  relations 
at  selected  places  along  the  fault.  Cultural  and  normal  soil  creep  may 
remove  or  conceal  surface  indications  of  geologically  recent  offsets  o: 
the  surface.  In  addition,  faulting  at  a few  metres  depth  may  be  ex- 
pressed as  a monoclinal  flexure  of  the  soil  horizons,  but  show  fault  of 
sets  of  deeper  layers.  The  trenching  methods  require  special  cleaning 
and  dressing  of  the  faces  of  the  trench  to  reveal  subtle  discontinuitie 
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within  unconsolidated  stratigraphic  units  and  soil  (Taylor  and  Cluf f * ) 
6h.  Trenches  through  fault  zones  may  show  the  following  kinds  of 
evidence  of  fault  displacement: 

ji.  Offset  of  soils  or  Quaternary  deposits. 

b_.  Gouge,  clay,  caliche  veinlets,  concentration  of  rootlets 
or  staining  of  fissures. 

c_.  Open  fissures  or  pockets  along  fault. 

d.  Monoclinal  flexure  of  young  sediments. 

e.  Variation  in  water  table  at  fault. 
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f.  Hot  spring,  warm  spring,  or  hydrothermal  alteration  of 
Quaternary  deposits  or  soil. 

g_.  Lithologic  variation  across  fault. 

h.  Variation  in  thickness  of  stratigraphic  units  or  soil 
across  fault. 

Absolute  and  Relative  Rates  of  Fault  Activity 

6 5-  Two  methods  of  reporting  rate  of  fault  activity  are  in  gen- 
eral use: 

ei.  Average  deformation  rate  (cm/yr)  across  an  active  fault 
or  tectonic  province  as  measured  from  seismic  activity, 
historic  or  geologic  displacements,  and  geodetic  change. 

b_.  Recurrence  interval  or  return  period  between  earthquake 
displacements . 

66.  The  deformation  rate  can  be  expressed  either  quantitatively 
as  shown  in  Figure  2,  or  in  qualitative  terms.  If  the  average  deforma- 
tion rate  is  known,  it  is  possible  to  infer  the  time  interval  between 
events  of  given  magnitude  by  using  the  empirically  derived  relations 
between  magnitude  and  displacement,  as  given  in  Part  II  of  this  report. 
Working  with  a specific  fault  to  be  evaluated,  once  the  average  rate  of 
deformation  across  the  fault  is  determined  and  the  maximum  magnitude 
earthquake  is  determined  from  length  of  fault  or  maximum  displacement 
relations  as  discussed  in  Parts  II  and  XI  of  this  report,  it  is  then 
possible  to  determine  the  recurrence  interval  for  the  fault  for  events 
of  the  assumed  magnitude.  Comparison  of  these  data  with  the  Holocene, 
35,000-year,  and  500,000-year  dates  determines  the  rate  of  activity 
relative  to  the  Holocene  and  Nuclear  Regulatory  Commission  scales. 

6j.  The  range  in  rate  of  activity  between  the  six  major  plates 
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of  the  earth  as  given  in  Figure  13  by  Le  Pichon  is  between  l.l  and 
11  cm/yr.  For  compressional  interaction  of  these  plates  in  subduction 
zones,  the  rates  vary  up  to  13  cm/yr  for  active  island  arcs  and  ocean 
trenches  (southern  coastal  Alaska,  western  Central  America,  and  the 
western  coast  of  South  America). 

68.  The  major  faults  or  master  faults  of  regions  at  the 
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boundaries  between  major  earth  palates  generally  release  most  of  the 
world's  earthquake  energy  (Isacks  et  al.^  and  Le  Pichon^).  The  earth- 
quake magnitudes  appear  to  be  related  to  the  rates  of  differential  move- 
ment, length  of  the  structure,  and  thickness  of  the  lithosphere.  Isacks 
et  al.'  and  Le  Pichon"^  conclude  that  the  island  arc  and  similar  com- 
pressive structures  account  for  more  than  90%  of  the  world's  seismic 
energy  for  shallow  earthquakes  and  nearly  all  of  the  energy  for  deep 
earthquakes  with  rates  of  about  2 cm/yr  and  higher.  Extensional  or  rift, 
system  zones  of  the  ocean  basins  and  continental  areas  including  western 
United  States  and  southeastern  Alaska  account  for  less  than  9%  of  the 
earthquakes  and  less  than  6 % of  the  seismic  energy.  The  largest  known 
earthquake  of  the  arclike  structures  is  8.9  in  earthquake  magnitude,  and 
the  largest  event  for  vvrdge  systems  is  8.U.  Nearly  all  of  the  events 
over  T magnitude  from  ridge  systems  are  along  major  transform  faults. 
Tear  faults,  transform  faults,  and  other  faults  may  divide  major  plate 
boundaries  into  subprovinces.  Since  these  faults  are  generally  shorter 
than  the  faults  at  the  main  plate  boundaries,  the  maximum  magnitude 
earthquakes  tend  to  be  lower  and  may  have  characteristic,  local  maximum, 
that  limit  each  zone. 

69.  Rates  of  about  5 to  8 cm/yr  are  probable  across  the  maj  :• 
transform  faults  zone  of  the  Gulf  of  California,  the  San  Andrea.' 
system  near  the  north  end  of  the  Gulf  of  California,  or  the  combined 
San  Andreas  fault  system  and  Basin  and  Range  Province  opposite  N . 
California.  Where  a single  fault  zone  is  involved  with  such  movement  . , 
the  time  interval  between  large  earthquakes  is  short,  measured  in  teuo 
or  hundreds  of  years.  Where  dispersed  on  many  faults,  as  in  the  Basin 
and  Range  Province  of  the  western  United  States,  the  faults  may  have 
shorter  lengths,  lower  rates  of  deformation,  and  lower  magnitude 
earthquakes . 


Classification  of  Rates  of  Displacement 


TO.  No  standard  or  widely  accepted  classifications  for  rate  f 

fault  activity  have  been  adopted  or  established.  The  United  States 
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Atomic  Energy  Commission  has  defined  a capable  fault  (acti%re  for 
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purposes  of  reactor  siting  and  design)  as  one  that  has  had  one  displace- 
ment in  the  past  35,000  years,  or  movement  during  the  past  500,000  years. 

These  criteria  do  not  directly  correlate  with  displacement  rates.  The 

22 

International  Atomic  Energy  Agency  has  defined  those  faults  with  geo- 

morphic  evidence  of  activity  and  a rate  of  1 m/1000  years  (0.1  cm/yr)  as 
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having  a high  rate  of  activity.  Matsuda  has  divided  the  fault  defor- 
mation rates  into  several  types — A,  B,  C,  and  D — as  shown  in  Figure  2. 

71-  An  indication  of  the  approximate  limit  for  the  definition  of 
active  faults  according  to  the  U.  S.  Nuclear  Regulatory  Commission  (1973) 
definition  of  capable  faults  is  as  follows.  Their  fault  definition  in- 
cludes those  faults  that  have  been  subjected  to  displacement  during  the 
past  35,000  years,  or  recurring  displacements  during  the  past  500,000 
years.  Since  most  earthquakes  of  over  7 magnitude  develop  surface  fault- 
ing with  an  average  offset  of  about  2 m and  subsurface  exploration 
methods  of  detecting  fault  offset  may  be  sensitive  to  recognition  of 
offsets  of  about  1 m,  this  would  imply  a rate  of  activity  of  about  0.003 
to  0.006  cm/yr.  The  writer  has  noted  that  faults  in  the  arid  Basin  and 
Range  Province  with  6 m of  offset  in  50,000  years  show  well-developed 
geomorphic  evidence  of  activity.  This  gives  a boundary  between  active 
and  practically  inactive  at  about  0.003  to  0.006  cm/yr,  a rate  of  activ- 
ity that  is  about  3 orders  of  magnitude  lower  than  that  of  the  San 
Andreas  fault  system. 

72.  The  provisional  classification  given  in  Figure  2 defines 
deformation  rates  across  active  faults  of  1 cm/yr  or  more  as  very  high; 
this  corresponds  to  faults  of  major  tectonic  plates  and  master  fault 
zones,  where  recurrence  intervals  between  magnitude  7 events  at  a point 
on  a given  fault  may  be  measured  in  tens  or  few  hundreds  of  years,  and 
the  recurrence  interval  for  the  entire  fault  length  is  even  shorter. 

Such  very  high  rates  provide  a high  probability  of  major  activity  during 
the  life  of  many  engineering  structures. 

73-  The  characteristics  of  each  zone  follow: 

a.  Very  high  activity  (Matsuda  type  AA).  The  most  active 

zones  are  those  that  are  within  about  one  order  of  magni- 
tude of  the  highest  rates  observed  along  major  earth 
plate  boundaries,  and  major  transform  faults  and  master 
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fault  systems,  like  the  San  Andreas  fault  system  of 
California. 

b_.  High  activity  (Matsuda  type  A).  The  classification  for 
rates  between  1 cm/yr  and  0.1  cm/yr  follows  the  Inter- 
national Atomic  Energy  Agency's  definition  of  high.  This 
range  of  rates  characterizes  many  major  faults  of  both 
very  long  to  moderate  lengths  (see  Lamar  et  al. and. 
Table  9),  including  the  San  Jacinto,  Big  Pine,  and 
Garlock  faults  of  southern  California,  and  generally  is 
marked  by  many  conspicuous  geomorphic  features  that  char- 
acterize active  faults.  The  recurrence  interval  for  mag- 
nitude 7 earthquakes  at  a given  point  along  the  faults  is 
generally  measured  in  hundreds  or  thousands  of  years,  and 
probability  of  a magnitude  7 earthquake  at  a given  point 
on  the  entire  fault  zone  is  generally  measured  in  many 
tens  of  years  to  many  hundreds  of  years.  Such  high  rates 
generally  should  be  considered  for  most  engineering 
structures,  even  though  the  recurrence  interval  may  be 
much  longer  than  the  expected  life  of  the  structure. 

c_.  Moderate  activity  (Matsuda  type  B),  The  classification 
of  rates  between  0.1  and  0.01  cm/yr  is  moderate . This 
rate  range  includes  faults  that  generally  have  well- 
developed  geomorphic  evidence  of  activity,  including  the 
Dixie  Valley,  Nevada,  Pajarita,  New  Mexico,  and  the  mid- 
valley fault  zone  of  the  1872  Owens  Valley  earthquake. 

The  recurrence  interval  for  displacement  along  such  faults 
and  the  generation  of  magnitude  7 or  higher  earthquakes 
is  generally  measured  in  thousands  to  few  tens  of  thou- 
sands of  years  for  a given  point  on  the  fault.  This  mod- 
erate rate  of  recurrence  is  much  longer  than  the  expected 
life  for  most  engineering  structures,  but  should  be  con- 
sidered for  most  structures. 

d.  Low  activity  (Matsuda  type  C).  The  classification  for 
rates  between  0.01  and  0.001  cm/yr  is  low.  Within  this 
range  of  displacement  rates,  geomorphic  evidence  of  activ- 
ity is  generally  sparse,  inconclusive,  or  lacking.  The 
recurrence  interval  between  magnitude  7 earthquakes  or 
larger  is  generally  measured  in  many  tens  of  thousands  of 
years  to  hundreds  of  thousands  of  years  for  recurrence  at 
a given  point  on  the  fault.  Engineering  allowance  for 
faults  in  this  range  of  activity  is  generally  restricted 
to  important  structures,  such  as  nuclear  reactors  and 
dams  that  are  vital  to  man's  activities  and  safety. 

e_.  Extremely  low  activity  to  inactive.  This  range  of  activ- 
ity, taken  as  rates  less  than  0.001  cm/yr,  represents 
rates  of  deformation  of  four  or  more  orders  of  magnitude 
lower  than  that  of  the  zones  of  very  high  activity,  and 
includes  faults  that  have  very  low  rates  of  activity 
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and/or  faults  that  are  geologically  inactive.  It  is  gen- 
erally difficult  to  evaluate  the  inactivity  or  very  slow 
rate  of  physical  evidence  of  activity,  even  for  examples 
near  the  threshold  values  of  activity  of  the  U.  S. 

Nuclear  Regulatory  Commission  classification.  Since  mid 
to  early  Quaternary  or  late  Tertiary  deposits  are  com- 
monly absent,  the  opportunity  of  finding  direct  evidence 
to  measure  or  distinguish  these  very  low  rates  may  be 
lacking  and  the  resolution  of  question  of  activity  may 
not  be  possible.  Faults  of  this  type  may  be  present  in 
less  active  parts  of  regions  of  active  faulting,  either 
due  to  the  rotation  of  stress  fields  to  decrease  activity 
on  faults  of  certain  orientations,  or  to  development  of 
by-passing  fault  systems.  Faults  of  this  type  may  be 
present  in  relatively  inactive  zones  near  the  margins  of 
active  regions  or  in  relatively  stable  provinces  along 
the  most  recent  areas  of  tectonic  activity,  such  as  the 
Triassic  to  Jurassic  graben  extensional  faults  of  the 
eastern  United  States.  For  most  engineering  structures, 
faults  of  this  type  may  be  grouped  as  "probably  (or 
practically)  inactive,"  when  definitive  data  proving  an 
inactive  status  are  not  possible.  Engineering  design 
for  fault  hazards  and  earthquakes  within  this  range  of 
low  activity  is  generally  required  only  for  major  engi- 
neering structures  such  as  nuclear  reactors,  large  dams, 
and  dikes  that  are  required  to  protect  densely  populated 
areas,  where  failure  could  affect  the  safety,  welfare, 
and  vital  governmental  functions  of  large  numbers  of 
people . 


PART  V:  METHODS  OF  DETERMINING  TOTAL  FAULT  LENGTH 


Introduction 


7^.  The  determination  of  total  fault  length  requires  that  the 
regional  as  well  as  local  tectonic  setting  be  understood.  The  approach 
should  include  a thorough  evaluation  of  all  available  published  regional 
geological  and  geophysical  literature,  consultation  with  authorities 
familiar  with  the  geology  and  geophysics  of  the  area,  and  extensive 
field  and  photogeological  study  of  the  structures  in  order  to  establish 
the  continuity  of  the  faults,  branches,  possible  conjugate  sets  of 
faults  of  diverse  orientation  and  slip  type,  and  search  for  evidence  of 
continuity  in  areas  of  possible  concealment. 

75.  The  geological  approach  is  primarily  focused  on  determining 
the  fault  continuity  and  relation  of  folds.  This  requires  interpola- 
tion, extrapolation,  and  pattern  analysis.  A search  should  be  conducted 
for  possible  fault  gaps  or  extensions  across  urbanized  areas,  geolog- 
ically young  formations,  or  bodies  of  water,  and  if  special  studies  are 
needed,  they  should  be  identified  and  the  most  appropriate  exploration 
methods  determined.  The  geologic  aspects  of  this  phase  of  the  work  gen- 
erally require  matching  of  similar  structures,  stratigraphy,  geomorp'nol- 
ogy,  or  geophysical  trends,  and  the  recognition  of  sheared  and  offset 
materials.  This  phase  of  the  work  normally  requires  application  of 
photogeological  and  remote  sensing  analysis  and  aerial  and  field  check- 
ing of  suspect  features . 


Geologic  Evaluation 


General  comments 

76.  Difficulty  in  assessing  fault  length  varies  with  availability 
of  geologic  and  geophysical  information.  Except  for  a few  major  fault 
zones  in  the  western  United  States,  the  available  data  on  length  of 
faults  and  their  activity  are  usually  inadequate  for  most  areas.  For 
this  reason,  most  siting  studies  require  extensive  evaluations  of  both 
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the  local  area  and  the  regional  setting  to  determine  the  structural  con- 
tinuity of  active  faults.  The  problem  of  determining  structural  con- 
tinuity of  faults  in  the  area  for  investigation  is  further  complicated 
by  the  fact  that  for  most  of  the  slip  types  of  faults,  the  major  struc- 
ture may  have  branching  or  en  echelon  surface  expression. 

77-  The  difficulty  encountered  from  distributed  faults  has  been 
discussed  in  detail  by  Oakeshott . 1 ~ The  complexity  of  fracture  pattern 
is  minimal  for  major  strike-slip  fault  zones  such  as  the  San  Andreas  and 
Garlock  faults  of  California.  Although  these  two  faults  and  others  in 
the  region  may  show  a conjugate  relation  to  each  other  or  may  have  major 
branches  that  diverge  to  distances  of  many  tens  of  miles  from  the  major 
fault  zone,  the  faults  generally  show  topographic,  geomorphic,  and  stra- 
tigraphic continuity  which  makes  the  identification  of  the  length  of  the 
structure  straightforward.  Any  gaps  in  the  surface  expression  of  the 
faults  can  generally  be  resolved  for  continuity  or  noncontinuity  by  ex- 
amination of  available  geophysical  data  such  as  magnetic  surveys,  grav- 
ity surveys,  recent  seismological  plots  of  earthquake  epicenters,  and 
seismic  refraction  and  reflection  surveys.  If  the  available  information 
is  inadequate  to  resolve  the  issue  of  continuity,  either  the  undertaking 
of  additional  studies  as  shown  in  Table  7 or  the  assumption  of  continu- 
ity to  provide  a conservative  approach  to  the  evaluation  is  possible. 

78.  Historical  surface  fault  studies  of  major  normal-slip  zones 
indicate  a far  more  complex  relation  for  regions  in  which  normal-slip 
or  normal -oblique-slip  faults  are  to  be  expected.  For  example,  in  the 
six  historic  cases  of  normal-slip  surface  faulting  with  earthquakes  of 
magnitudes  of  7 or  greater,  all  but  one  display  primary  faulting  on  two 
or  more  major  fault  zones.  These  fault  zones  may  be  distributed  over 
an  area  up  to  tens  of  kilometres  in  width  and  may  give  surface  faulting 
on  the  opposite  sides  of  as  many  as  two  mountain  or  valley  blocks. 

79-  Historic  examples  of  reverse-slip  faulting  also  show  great 
complexity  of  fault  pattern,  and  the  branching  character  of  many  of  the 
major  faults  makes  it  difficult  to  determine  the  true  length  and  width 
for  a given  active  fault  zone.  This  relation  was  especially  well  dis- 
played for  the  San  Fernando  earthquake  area  of  1971  (Wentworth  and 
Yerkes^' ) . 
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Structural  continuity 

80.  Structural  continuity  is  commonly  concealed  by  bodies  of 
water  or  geologically  young  surficial  deposits,  or  not  indicated  because 
of  incomplete  regional  geologic  mapping.  The  geological  methods  that 
are  most  useful  for  filling  the  missing  gaps  or  for  determining  whether 
separate  faults  may  tie  together  include  the  careful  determination  of 
the  strike  and  variation  in  strike  of  the  two  segments,  the  determination 
of  the  dip  of  the  fault  plane,  the  sense  of  displacement  on  the  two  seg- 
ments to  determine  whether  the  offsets  are  compatible  for  a connection, 
and  the  determination  of  whether  similar  differences  in  stratigraphy  or 
structure  of  the  adjoining  areas  occur  for  both  fault  segments.  The 
geomorphic  relation,  similarity  or  difference  in  topographic  exnression 
for  the  two  faults,  may  resolve  whether  or  not  the  two  faults  are  likely 
to  connect. 

81.  Photogeologic  and  remote  censing  analysis  of  the  intervening 
area,  particularly  with  the  aid  of  a variety  of  scales  and  types  of 
photos  or  images  and  with  low-sun-angle  methods  of  analysis,  will  fre- 
quently reveal  whether  or  not  the  fault  being  evaluated  can  extend  to 
connect  with  other  segments,  or  whether  or  not  discordant  or  truncating 
relations  preclude  the  extension  of  a known  fault  segment. 

Similarity  of  history 

82.  Most  faults  have  the  same  general  history  and  related  stra- 
tigraphy over  major  sections  of  the  fault.  Determination  of  whether 
faults  extend  or  can  be  extrapolated  to  connect  with  other  structures 
can  sometimes  be  resolved  by  differences  in  degree  of  activity,  type  of 
activity,  activity  rate,  or  manner  and  amount  of  effect  on  the  adjoining 
materials  and  structures.  Discordant  sources  of  data  may  dramatically 
affect  correlations.  An  excellent  example  relates  to  the  problem  of 
whether  or  not  the  Hines  Creek  fault  in  Alaska  is  a branch  of  the  very 
active  Denali  fault.  Although  the  Hines  Creek  fault  does  not  show  the 
conspicuous  landforms  normally  found  along  active  faults,  many  geologists 

have  argued  that  it  must  be  active,  since  both  ends  of  the  fault  appear 

8° 

to  connect  with  the  Denali  fault  (see  Figure  21).  Wahrhaftig  et  al. 
have  conclusively  resolved  the  issue  by  finding  a 95,000,000-year-old 
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Figure  21.  Denali  fault  system  in  central  Alaska  Range.  Stipple 
pattern,  Cantwell  Formation;  black,  Buchanan  Creek  pluton 
(95,000,000-year  cooling  age);  wiggles,  continental  tectcnite  ter- 
rane;  diagonal  lines,  terrane  of  probable  oceanic  origin  (from 

Wahrhaftig  et  al.®^) 

intrusion  that  crosses  the  fault  and  is  not  offset  by  the  fault. 

83-  The  following  methods  can  be  used  to  determine  the  maximum 

and  average  amounts  of  displacement  relative  to  earthquake  magnitude. 

For  geologically  young  offsets,  geomorphic  study  of  marine,  lake,  and 

stream  terraces  commonly  shows  episodic  and  cumulative  offset,  uplift, 

or  tilting.  With  Carbon -li*  or  other  methods  of  dating  of  these  episodes, 

along  with  the  amount  of  offset  for  each  episode,  it  is  possible,  for  a 

particular  place  along  the  fault,  to  determine  recurrence  interval  of 

faulting  and  maximum  offset-magnitude  by  use  of  equations  or  curves  for 

maximum  of fset -magnitude , length  of  fault-magnitude,  and  recurrence  in- 

30 

terval  by  the  Wallace  method.  For  historically  active  faults  or  for 
longer  faults,  seismologic  and  Wallace  type  analyses  can  determine  re- 
currence interval  for  the  particular  place  on  the  fault,  or  with  the 
length  of  the  entire  fault  known  or  assumed,  the  recurrence  interval 

Q ^ 

for  the  entire  fault.  Ambraseys , Slemmons  (unpublished  data),  and 

Allen'  have  shown  that  between  1 and  100%  of  a given  fault  may  be  acti- 

85  6k 

vated  during  an  earthquake.  Matsuda  ? (also  see  Allen'  ) has  described 
an  example  from  Japan,  where  the  magnitude  8 earthquake  of  1891  produced 
nearly  continuous  surface  faulting  along  the  entire  length  of  the  Nobi 
fault  system.  Matsuda  and  Okada0  ’ and  Allen'  ' also  describe  the  7.1 
magnitude  earthquake  of  1930  which  produced  surface  faults  along  the 
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entire  length  (35+  km)  of  the  segmented,  partly  en  echelon,  Tanna  fault 
zone  of  Japan. 

Geomorphic -topographic  analysis 

8k.  The  study  of  landforms  should  be  undertaken  for  at  least  two 
levels  of  detail:  (a)  for  regional  or  province  evaluation,  and  (b)  for 

local  or  siting  evaluation.  Evaluation  of  the  geomorphology  should  be 
based  on  a thorough  search  of  literature,  consultation  with  specialists 
on  the  geology,  geomorphology,  and  seismology  of  the  region,  and  a study 
of  the  literature  and  aerial  photographs  and  imagery. 

85.  The  evaluation  of  regional  relations  should  utilize  topo- 
graphic maps,  shaded  relief  maps,  plastic  relief  maps,  and  aerial  photo- 
graphs and  images  at  the  several  scales  available.  This  phase  of  work 

Y_ 

should  focus  on  identifying  master  and  major  structural  trends  that  af- 
fect the  geomorphic  expression  of  the  region  to  distinguish:  master 

faults , i.e.  faults  that  bound  major  tectonic  plates;  major  faults,  i.e. 
faults  of  hundreds  of  kilometres  in  length  that  are  important  on  a re- 
gional or  provincial  scale;  and  local  faults,  i.e.  faults  up  to  a few 
tens  of  kilometres  in  length  that  are  at  or  near  the  particular  site. 

86.  Active  master  faults  are  those  faults  that  mark  the  bound- 
aries between  the  major  plates  of  the  earth  and  generally  have  high 
rates  of  regional  deformation,  measured  in  centimetres  per  year.  These 
fault  zones  commonly  show  high  seismic  activity  and  are  hundreds  or 
thousands  of  kilometres  in  length.  Magnitude -length  relations  show  that 
master  faults  are  capable  of  earthquakes  of  up  to  about  8.6  magnitude 
with  associated  surface  faulting  of  hundreds  of  kilometres  in  length 
and  maximum  displacements  of  up  to  7 to  10  m.  The  surface  faulting  for 
the  San  Andreas  fault  in  1857  and  1906  had  earthquakes  of  about  8.2  or 
8.3  magnitude,  surface  right-slip  of  10  and  7 m,  and  displacement  seg- 
ments of  about  200  and  270  km,  or  about  15  and  20 % of  the  length  of  the 
entire  San  Andreas  fault  system.  Such  faults  provide  design  earthquakes 
for  ground  motion  evaluation  not  only  near  the  fault  but  for  distances 
up  to  hundreds  of  kilometres  to  either  side  of  the  fault.  They  also 
pose  major  design  problems  for  structures  constructed  across  their  trace. 

87.  Major  faulting  with  several  tens  to  hundreds  of  kilometres  of 
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length  can  produce  earthquakes  of  somewhat  greater  than  8 magnitude  and 
have  associated  surface  faulting  that  is  from  about  30  to  100%  of  the 
total  fault  length,  and  maximum  displacements  of  from  about  1 to  7 m. 
Such  faults  generally  provide  the  design  earthquakes  for  sites  up  to  50 
to  100  km  from  the  structure  and  provide  considerable  problems  for  con- 
struction close  to  the  fault. 

88.  Local  faults  have  lengths  of  up  to  a few  tens  of  kilometres. 
These  faults  generally  produce  maximum  magnitudes  of  about  6.5  to  7, 
have  associated  examples  of  surface  faulting  over  one-half  or  more  of 
the  total  length  of  the  fault,  and  give  maximum  displacements  of  up  to 
about  5 m. 

Photogeologic  and  imagery  analysis 

89.  One  of  the  most  effective  methods  of  detecting  and  delineat- 
ing active  faults  is  by  photogeologic  and  imagery  analysis.  This  type 
of  analysis  is  most  successful  for  determining  the  fault  lengths  of 
master,  major,  and  minor  faults.  Small-scale  or  synoptic  types  of 
scales  of  photography  and  imagery  (including  ERTS)  are  best  suited  to 
detecting  master  and  major  faults,  as  they  are  sensitive  to  long  faults 
that  are  defined  by  lineaments  that  cross  many  drainage  lines  or  control 
long  linear  mountain  fronts. 

90.  Intermediate-  to  large-scale  photography  and  imagery  is  more 
applicable  to  shorter  lengths  of  faults  and  these  scales  permit  a better 
analysis  of  details  along  the  fault  trace.  The  most  effective  method 
for  detailed  study  of  faults  involves  use  of  low-sun  angle  photography 

87  88 

of  the  type  developed  by  C luff  and  Slemmons  (Slemmons,  'Clark,  Cluff 

89  90  2h  , 

and  Slemmons,  Slemmons,  Sherard  et  al.,  and  Walker  and  Trexler  (in 

press ) ) . 

91.  Scales.  The  following  comments  apply  to  the  relative  value 
of  different  scales  of  photography  and  imagery  that  are  available: 

fi.  Synoptic  (small)  scales:  1/100,000  to  1/1,000,000. 

Scales  within  this  range  are  most  useful  in  determining 
or  recognizing  major  and  master  faults.  This  scale  is 
generally  available  by  enlargement  of  ERTS  imagery  in  a 
variety  of  spectral  bands.  Scales  of  1/500,000  give  a 
good  balance  between  adequate  scales  for  showing  moderate 
detail  and  for  resolution. 
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b_.  Intermediate  scales:  1/20,000  to  1/100,000.  Scales 

within  this  range  are  the  scales  normally  available  for 
most  regional  mapping  and  compilations.  A scale  of 
1/60,000  is  of  marginal  effectiveness  for  fault  scarps 
of  less  than  about  5 to  10  ft  in  height,  even  with  sparse 
vegetation.  The  scales  of  this  range  are  useful  for  mas- 
ter and  major  faults  that  can  be  traced  many  miles  and 
that  are  likely  to  disturb  many  drainage  basins.  Addi- 
tional photography  at  large  scales  should  be  obtained  for 
suspect  zones  or  for  detailed  study  of  active  faults. 

c_.  Detail  (large)  scales:  1/3,000  to  1/20,000.  Scales 

within  this  range  are  ideal  for  mapping  detailed  rela- 
tions of  faults  and  for  distinguishing  and  delineating 
faults  with  low  scarps  that  are  only  a few  feet  in  height. 

92.  Types  of  imagery  and  photography.  The  advantages  and  dis- 
advantages of  the  various  types  of  imagery  (SLAR  and  ERTS ) and  photog- 
raphy (conventional  mid-day  black  and  white,  low- sun-angle , color,  in- 
frared color,  and  infrared)  are  discussed  briefly  in  Sherard  et  al.‘ 

For  most  studies,  all  available  techniques  should  be  used  in  combination, 
with  multi-scale,  multi-format  study,  to  provide  optimum  results  in  de- 
tecting, delineating,  and  evaluating  the  character  of  faults.  The  most 
effective  single  technique  is  to  enhance  the  fault  scarps  by  either  high- 
lighting the  scarps  by  direct  low-sun-angle  illumination,  or  with  even 
more  conspicuous  results,  by  shading  the  scarp  with  an  angle  of  sun  illu- 
umination  that  grazes  the  fault  scarp  by  developing  extensive  shading, 
but  without  casting  shadows  that  conceal  the  detail  of  the  scarp.  The 
optimum  shading  effect  is  found  when  the  sun  shines  from  a direction 
that  is  perpendicular,  or  at  least  at  a high  angle  to  the  trend  or  strike 
of  the  scarp.  Examples  of  highlighting  and  shading  effects  are  given  in 
Appendix  A,  Figures  Al,  All,  and  A17  (see  also  Figures  7,  8,  9,  11,  12, 
and  ll  in  Krinitzsky,  which  illustrate  fault  scarps  of  the  three  main 
slip  types).  The  following  general  comments  apply  to  each  main  type. 

a.  Radar  imagery.  Radar  imagery  is  becoming  more  widely 
available,  less  expensive,  and  of  improved  resolution. 
Side-looking-airborne-radar  (SLAR)  has  the  special  ad- 
vantages of  being  applicable  to  areas  under  unfavorable 
sun  illumination  conditions,  at  night,  with  cloud  or  fog 
cover,  and  with  the  direction  and  depth  of  shadows  that 
can  be  controlled  to  provide  maximum  enhancement  of  the 
structures  oriented  in  any  desired  direction.  The  images 
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are  routinely  mosaicked  at  the  convenient  scale  of 
1/250,000  for  comparison  with  topographic  maps  that  are 
generally  available  at  the  same  scale.  The  images  have 
excellent  contrast  for  different  types  of  vegetation  and 
can  reveal  surface  topography  through  dense  vegetation. 

The  imagery  is  of  great  value  in  detecting  major,  but 
subtle  topographic  trends  and  most  master  or  major  faults 
are  readily  distinguished  on  radar  images.  The  images 
provide  limited  detail  and  information  on  degree  of 
activity.  The  great  number  of  lineaments  that  are  nor- 
mally present  include  a high  proportion  unrelated  to 
active  tectonism  ( Krinitzsky29  and  Gay91).  All  suspect 
lineaments  must  be  checked  by  other  types  of  imagery, 
photo  interpretation,  and  field  study. 

b.  Earth  Resources  Technology  Satellite  (BRTS)  or  Landsat 

imagery . ERTS  imagery  is  available  in  a variety  of  spec- 
tral bands,  and  for  most  parts  of  the  world.  The  mosaics 
of  this  imagery,  or  different  images  viewed  stereographi- 
cally  for  various  lighting  conditions  or  seasons,  are 
very  effective  in  detecting  and  delineating  major  and 
master  faults  and  great  numbers  of  other  lineaments.  As 
is  the  case  with  SLAR  imagery,  the  lineaments  must  be 
checked  by  other  methods,  for  most  are  nonactive  tectonic 
features.  Computer  method  of  color  addition  or  subtrac- 
tion, ratioing,  truncation,  and  linear  stretching  are 
special  techniques  that  greatly  improve  the  resolution 
and  structure  recognition. 

£.  Color  aerial  photography.  Color  aerial  photography  is 
generally  more  useful  in  fault  studies  than  conventional 
black  and  white  photography,  since  the  color  contrast  of 
different  rock  types,  alteration  zones  along  faults,  and 
the  differences  in  vegetation  are  greatly  enhanced.  The 
limited  exposure  latitude  of  color  films  precludes  the 
possibility  of  using  low-sun-angle  illumination. 

£.  Black  and  white  aerial  photography.  Black  and  white 

aerial  photography  is  the  most  widely  used  type  of  pho- 
tography. The  cost  is  minimal  and  the  results  are  gen- 
erally very  satisfactory.  Since  some  shading  effects 
are  normally  present,  particularly  in  mountainous  regions, 
caution  should  be  exercised  when  ordering  aerial  photo- 
graphs to  avoid  processing  with  the  use  of  an  electronic 
dodging  device.  The  previously  mentioned  low-sun-angle 
method  is  generally  far  more  effective  in  enhancing 
irregularities  of  terrain,  and  particularly  in  focusing 
attention  on  fault  scarps  and  scarplets.  This  method 
may  reveal  up  to  ten  or  more  times  as  many  small  scarp- 
lets  as  would  be  visible  on  conventional  photographs  of 
the  same  scale,  and  is  very  effective  in  detecting  and 
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delineating  landslides  and  other  types  of  failures  in 
soil  and  rock. 

e_.  Infrared  imagery  and  nnctography . The  high  cost  relative 
to  conventional  black  and  white  photography  and  limited 
resolution  of  thermal  IR  make  it  of  marginal  value  for 
most  studies,  although  thermal  IR  and,  to  a lesser  degree, 
color  or  black  and  white  near-IR  photography  enhance 
groundwater  or  vegetation  contrasts  that  are  common  along 
fault  zones.  The  lack  of  ability  to  use  color  IR  with 
low-sun-angle  illumination  also  limits  the  applications 
of  IR  photography. 


93.  Seismologic  methods  of  determining  fault  activity  and  con- 
tinuity are  an  essential  part  of  the  geophysical  analysis  of  faults,  but 
may  be  of  limited  use  since  many  faults  with  historic  surface  faulting 
developed  in  regions  that  were  aseismic  before  the  main  earthquake,  or 
showed  activity  in  an  adjoining  area  or  fault  segment  (Kelleher  and 
Savino,^''  and  Ryall  and  Malone'*'"').  Kelleher  and  Savino1""  discuss  exam- 
ples of  unilateral  rupturing  that  starts  from  previously  activated  fault 
zones  and  extends  into  aseismic  or  weakly  active  fault  segments.  After- 
shock activity,  in  contrast,  commonly  delineates  faults  with  much 

greater  continuity  than  is  expressed  by  surface  fracturing  (Figures  1 6 

29 

and  17;  see  also  pages  48-50  of  Krinitzsky'7 ) . 

9 it.  The  application  of  seismicity  studies  for  determining  fault 

continuity  is  shown  by  the  Borrego  Mountain  area  of  the  Sa:.  Jacinto- 

Coyote  Creek-Superstition  Hills-Imperial  fault  zone  in  California.  The 

92 

pre-1968  seismicity  (Hileman  et  al.  ) vaguely  defines  the  fault  sene, 
but  the  post-1968  Borrego  Mountain  earthquake  aftershock  activity  as 
shown  in  Figure  10  clearly  indicates  continuity  through  this  zone 
(Thatcher  et  al.  ).  The  increased  length  derived  by  connecting  these 
fault  segments  implies,  for  fault  length-magnitude  relations,  the  po- 
tential for  higher  earthquake  magnitudes  than  the  previous  fault  maps 
suggested.  An  alternative  interpretation  is  that  the  Coyote  Creek  and 
Superstitution  Hills  segment  of  the  fault  zone  is  characterized  by 
more  frequent,  lower  magnitude  earthquakes.  This  possibility  is  also 
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suggested  by  the  trench  shown  in  Figure  19,  which  suggests  frequent, 
small-displacement  earthquakes  for  this  area.  Additional  trenching,  if 
it  confirms  activity  by  more  frequent,  smaller  magnitude  events,  could 
invalidate  the  simple  fault  length  approach  to  earthquake  magnitude 
predictions  for  this  fault.  This  type  of  approach  would  use  Figure  2 
in  combination  with  geochronological  studies  and  use  of  the  magnitude- 
displacement  relation. 

Gravity  methods 

95.  Gravity  methods  are  a useful  geophysical  method  for  study  of 
active  fault  zones  (Krinitzsky2^  and  Gimlett^ ) . Gravity  methods  are 
most  effective  in  regions  where  there  is  a strong  density  contrast  be- 
tween materials  on  either  side  of  a fault;  this  is  generally  obtained 
along  faults  where  basement  rocks  are  displaced  against  unconsolidated 
sediments,  or  for  faulted  basement  rocks  where  the  depth  of  sedimentary 
cover  is  different  on  either  side  of  the  fault.  The  method  is  espe- 
daily  effective  for  regions  of  extensional  faulting.  Gimlett  demon- 
strated that  the  method  provides  excellent  results  within  the  Basin  and 
Range  Province  for  providing  data  on  the  configuration  of  the  base  and 
thickness  of  valley-fill  sediments.  He  has  also  noted  the  advantages 
of  the  gravity  method — low  cost,  speed  and  ease  of  application,  partic- 
ularly for  areas  with  detailed  topographic  maps  and  good  elevation  con- 
trol. The  method  is  not  only  effective  for  boundary  faults  of  the  Basin 
and  Range  grabens , but  can  determine  the  extent  and  amount  of  tilt  of 
louderbacks  (tilted  fault  blocks).  The  method  is  also  useful  for  de- 
tecting and  delineating  faults  concealed  by  alluvium  within  the  graben 
blocks . 

Magnetic  and  aeromagnetic  methods 

96.  Application  of  surface  magnetic  and  aeromagnetic  survey 

methods  for  evaluation  of  active  faults  is  discussed  in  papers  by 

95  72  29  2b 

Andreasen  et  al. , Cluff  et  al.,  Krinitzsky,  and  Sherard  et  al. 

These  methods  can  be  used  to  detect  and  delineate  faults  concealed  by 

recent  sediments,  and  can  provide  a relatively  inexpensive  method  of 

96 

contouring  the  thickness  of  basin  fill.  Smith  located  intrabasin, 
largely  concealed,  major  fault  grabens  within  the  Dixie  Valley  graben. 
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Some  of  these  graben  boundary  faults  were  also  accurately  delineated  by 
the  faulting  of  the  195^+  Dixie  Valley  earthquake.  Smith  provides  a de- 
tailed outline  for  applying  the  method  to  the  Basin  and  Range  Province 
with  normal-  and  oblique-slip  faults. 

Seismic  refraction  and  reflec- 
tion methods  (including  vibroseis 
tr,  s Darker,  ana  air  gun  surveys) 

97*  Use  of  these  methods  is  generally  restricted  to  oceanic  and 
deep  lakes.  New  refinements  of  the  methods,  research  into  special  tech- 
niques, and  improved  data  enhancement  by  computer  analysis  may  expand 
the  use  of  these  methods  and  are  effective  also  for  land  or  shallow 
water  areas.  Major  use  of  these  rather  expensive  methods  ha.'  been  made 

along  the  Newport -Inglewood  fault,  some  of  the  Channel  Islan  faults, 
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active  faults  in  Monterey  Bay  (Greene  et  al.  ),  and  the  San  Anureas 
fault  north  of  Bolinas  Bay,  California  (Curray  and  Nason"'''.  These 
studies  have  indicated  that  for  ocean  basins  and  continental  shelf  areas, 
the  methods  can  lead  to  rates  of  fault  activity  and  recurrence  intervals, 
as  well  as  design  earthquake  values.  The  most  recent  and  successful  use 
of  these  methods  for  lakes  is  by  Robert  Smith  for  the  Great  Salt  Lake. 

His  special  method  of  deconvoluting  records  has  provided  meaningful  re- 
sults even  for  profiling  in  very  shallow  water.  The  method  appears  to 
be  feasible  for  active  faults  beneath  other  large  lakes  in  the  United 
States. 

98.  An  example  of  an  integrated  geologic  and  geophysical  study 
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of  areas  covered  by  water  is  given  by  Greene  et  al.  , showing  the  tote., 
leng+.h  and  character  of  faults  that  crossed  parts  of  the  continental 
shelf  as  well  as  land  areas.  Application  of  the  magnitude  versus  fault 
length  relation,  with  allowance  for  predicting  faulting  on  one-half  the 
■ ■ length  of  the  fault,  gives  the  magnitude  estimates  of  Table  1C. 

•'.t . The  Monterey  Bay  fault  and  earthquake  evaluation  of  Greene 
* . r<  vealed  the  presence  of  many  previously  unrecognized  faults. 

■ s<  faults  could  be  classified  as  active  on  the  basis  of  cur- 
:..  . The  seismic  reflection  surveys  can  be  used  to  de  t ■ ' r- 
: rvals  an  i provide  data  on  the  time  of  last 
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Table  10 


Estimates  of  Earthquake  Magnitude  for  the  Palo  Colorado-San  Gregorio 
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Fault  Zone  (from  Greene  et  al.  ) 


Earthquake  Magnitude 

Fault 

km 

1* 

Tocher 

Iida* 

Albee 

and 

3 Smith 

Bonilla 

and  Average  and 

Buchanan  Range ^ 

Bonilla 

and 

Buchanan* 

Slemmons 
(This 
Report ) 

Half-length 

65 

7.2 

7.U 

7.6 

7.  **  7.U 

(7.2  to  7.6) 

7.2 

T.  1 

100 

7-4 

7.6 

7.8 

7-9  7-7 

(T.h  to  7.9) 

7.5- 

T • 

Full-length 

130 

7.5 

7.6 

8.2 

8.2  7.7 

(7.5  to  8.2) 

7.6 

7.5 

200 

7.7 

7.8 

8.3 

8.7  8.3 

(7.7  to  8.7) 

7.8 

7.6 

Fuli  length  does  not  include  an  extension  southward  to 
H siia  fault  zone  as  proposed  by  some  workers. 
Magnitudes  were  established  as  follows: 

connect  with  the 

Tocher 

: 4 M = 0. 

9 x 

log  surface  rupture  length  (L)  in 

km  + 5.6 

_i  :-i: 

M = 0.76 

(log  L km)  + 

6.07 

Albee  : 

and  Smith: 

7 

Albee  and 

Smith's  Figure  U;  Figure 

12  of  this 

report 

Bonilla: M = 1 

.51 

(log  L miles)  + 5.1^ 

Bonilla  and  Buchanan:  Read 

strike-slip  earthquakes 

from  graph  of  M versus 

L for  worldwide 

* Bonilla  and  Buchanan1  1970  data  recalculated  (see  Table  h herein''. 


displacement.  The  Palo  Colorado-San  Gregorio  fault  zone  appears  to  be  at 
least  125  miles  long,  and  may  extend  northward  from  the  faults  at  Half 
Moon  Bay  to  join  the  San  Andreas  fault  northwest  of  Golden  Gate.  A cross 
section  and  a seismic  profile  are  shown  in  Figure  22,  and  the  generalized 
relations  are  indicated  in  Figure  23  with  symbols  used  to  denote  differ- 
ent ages  of  faulting.  A detailed  fault  map  of  Monterey  Bay  is  given  in 
Figure  2h.  The  great  length  of  the  main  fault  crossing  the  bay  leads  to 
estimated  magnitudes  of  future  earthquakes  generated  along  this  fault 
of  between  7.2  and  7*9  using  the  magnitude  versus  length  relations  of 
various  researchers,  using  the  half  total  fault  length  method  of  plot- 
ting fault  length  versus  magnitude  (Table  10 } . Use  of  the  full  length 
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■ 


Section  N-N' 
Intermediate  - resolution 


Photo  of  seismic  profile 
N-N! 


* i gui  e 2c_.  ueismic  profile  and  geologic  cross  section  interpreted 
from  the  profile  N-N’  across  the  Palo  Colorado-San  Gregorio  fault 
zone,  California  (from  Greene  et  al.^M 
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FAULTS  that  displace  the  sea  floor  on  the  oownthrown  side 

FAULTS  THAT  EXTEND  TO  WITHIN  6 M (,.e.,  THE  BASE  OF  THE  BUBBLE 
PULSE'  BUT  DO  NOT  DISPLACE  THE  SEA  FLOOR.  SOME  OF  THESE 
FAULTS  MAY  DISPLACE  HOLOCENE  DEPOSITS  DEPOSITS  0 TO  10.000 
YEARS  OLD) 

FAULTS  THAT  EXTEND  TO  THE  BASE  OF,  BUT  NOT  INTO.  THE 
HOLOCENE  DEPOSITS 

FAULTS  THAT  CUT  MIDDLE  AND  LATE  TERTIARY  ROCKS  (MIOCENE 
AND  PLIOCENE  ROCKS  IN  THE  MONTEREY  BAY  AREA  AND  MAY 
EXTEND  UP  TO  THE  BASE  OF  THE  PLEISTOCENE  DEPOSITS 
(DEPOSITS  10,000  TO  1.8  MILLION  YEARS  OLDl 

FAULTS  THAT  EXTEND  UP  INTO  PLIOCENE  STRATA 
FAULTS  THAT  EXTEND  UP  INTO  MIOCENE  STRATA 
FAULTS  THAT  SHOW  SEPARATION  IN  CRETACEOUS  BASEMENT 
ROCKS  AND  MAY  EXTEND  NO  MORE  THAN  100  M INTO  OVERLYING 
STRATA  OF  PROBABLE  EARLY  TO  MIDDLE  TERTIARY  AGE 

FAULTS  THAT  EXIST  AT  200  TO  500  M BUT  DO  NOT  CUT  THE 
CRETACEOUS  BASEMENT  ROCKS 


Figure  23.  Generalized  cross  section  showing  the  types  of  fault 
offsets  shown  by  seismic  reflection  surveys  in  Monterey  Bay 

(Greene  et  al . ^ 1 ) 


Figure  2h.  Map  showing  faults  along  the  floor  of  Monterey  Bay 
(based  on  Greene  et  al. ;97  from  Jennings^) 
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of  the  fault  zone,  assuming  that  a future  earthquake  faulting  event 
would  rupture  the  entire  fault  length,  gives  a length  of  over  200  km 
and  a design  earthquake  of  magnitude  greater  than  8.  Detailed  study  of 
the  entire  zone  may  show  (like  the  San  Andreas  fault  near  the  Hollister- 
Cholame  segment,  or  possibly  the  San  Jacinto  fault  zone  near  Coyote 
Creek  and  Superstition  Hills)  disrupting  segments  of  more  frequent  low- 
magnitude  earthquakes.  Such  disruptions  would  require  that  some  faults 
be  subdivided  into  segments  of  varying  character  prior  to  use  of 
magnitude-fault  lengths  relations. 

Electrical  methods 

100.  Surface  and  subsurface  resistivity  and  other  electrical 
methods  are  mainly  used  for  identifying  distinctive  stratigraphic  units 
as  measured  in  boreholes  and  correlated  from  hole  to  hole.  Such  methods 
can  be  used  to  locate  and  determine  amount  of  offset  and  determine  the 
configuration  of  the  fault  at  depth.  Similar  methods  also  are  success- 
ful in  determining  differences  in  water  table  level  on  either  side  of 
faults  in  unconsolidated  materials,  and  in  identifying  and  tracing  many 
faults.  This  relatively  inexpensive  method  is  effective  in  tracing  some 
faults  concealed  by  alluvium. 

Geodetic  methods 

101.  Geodetic  surveys  are  extremely  useful  for  defining  active 
fault  zones  with  high  to  moderate  rates  of  deformation.  Repetitive 
surveys  are  conducted  across  zones  of  active  tectonic  deformation.  The 
methods  are  sensitive  to  very  small  changes  (about  1 part  per  million) 
and  can  lead  to  several  important  parameters  in  evaluating  fault  activ- 
ity. These  include  the  following: 

a.  Measurement  of  strain  and  displacement  rates. 

b.  Detection  and  measurement  of  amount  of  fault  creep. 

c_.  Measurement  of  strain  orientation,  including  compression 
and  tension  axes. 

d_.  Provide  current  rates  of  deformation  for  the  estimation 
of  earthquake  recurrence  intervals. 

102.  The  elastic  rebound  theory  of  earthquake  origin  from  abrupt 
fault  displacements  was  proposed  by  Reid"100  as  the  result  of  his  study 


of  geodetic  changes  in  the  1906  earthquake  along  the  San  Andreas  fault. 
Following  this  earthquake,  most  studies  of  geodetic  changes  along  active 
fault  zones  in  the  United  States,  from  1906  to  1971,  were  conducted  by 
the  U.  S.  Department  of  Commerce,  National  Ocean  Survey.  Sixty-five 

of  their  reports  have  been  reprinted  by  the  U.  S.  Department  of  Com- 

<9 

merce.  ' Other  recent  studies  include  evaluation  of  changes  from  strike- 
slip  faulting  (Hastie  and  Savagex01),  dip-slip  faulting  (Savage  and 
Hastie*'  ’ * , and  reverse-slip  faulting  (Hastie  and  Savage'1^). 

103.  Geodetic  displacements  are  similar  to  observed  field  geo- 
logic measurements,  although  distortion  may  reduce  some  of  the  dis- 
placements that  are  measured  in  the  field  by  geologic  methods  (see  Fig- 
ure 11,  which  compares  field  measurements  of  fault  displacements  and 
geodetically  measured  displacements  on  the  San  Andreas  fault  from  the 
1906  earthquake,  after  Thatcher  ) . 
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PART  VI:  NEW  DETERMINATIONS  OF  RELATIONS  OF  EARTHQUAKE 

MAGNITUDE  TO  MAXIMUM  FAULT  DISPLACEMENT  AND 
LENGTH  OF  SURFACE  FAULTING 


104.  Since  the  Bonilla  and  Buchanan"  compilation,  several  geo- 
logic, seismologic,  and  geodetic  studies  of  surface  faulting  have  be- 
come available.  This  section  of  the  report  responds  to  the  need  for  a 
new  surface  fault  compilation.  This  study  revises  the  earlier  values 

where  new  data  are  available,  and  adds  more  recent  cases,  but  follows 

8 9 

the  general  approach  and  method  of  display  of  data  of  Bonilla'’1  and 
Bonilla  and  Buchanan. Other  recent  compilations  that  were  used  include 
Ambraseys  and  Tchalenko,"  Ambraseys,  ~ and  Matsuda.1  ’ ' This  sec- 
tion retabulates  historic  surface  faulting  events  and  derives,  by  linear 
regression  analysis,  new  equations  and  charts  to  relate  to  one  another, 
the  parameters  earthquake  magnitude,  fault  displacement,  fault  length, 
product  of  fault  length  and  displacement,  and  product  of  fault  length 
and  displacement  squared.  The  revision  includes  the  assignment  of  mag- 
nitudes to  several  earthquakes,  based  on  intensity  data.  Several  new 
fault  length  and  displacement  values  are  added.  Faults  that  are  partly 
concealed  by  bodies  of  water  are  reassigned  increased  lengths  where 
aftershock  distributions,  geodetic  data,  or  hydrographic  surveys  are 
available.  Plafker ' s^  + ’"°4  reviews  of  deformation  of  the  i960  and 

1964  earthquake  areas  led  to  modification  of  the  1964  data  and  to  the 
addition  of  the  i960  earthquake  data  to  supplement  the  very  meager  data 
for  reverse-slip  faults.  The  closeness  of  fit  of  the  length  of  many 
well-determined  aftershock  areas  on  the  length  of  surface  faulting  chart 
suggests  that  future  refinements  of  magnitude -fault  length  compilations 
should  use  this  type  of  data,  particularly  for  very  large  and  very 
small  earthquakes. 

105.  The  overall  effect  of  the  above  changes  and  additions  is  to 
increase  the  number  of  reference  events  from  the  68  of  Bonilla  and 
Buchanan1  to  84,  an  increase  of  24$.  About  one-third  of  the  previous 
magnitude,  displacement,  and  fault  length  values  have  been  revised, 
mostly  as  relatively  minor  changes. 
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Earthquake  Magnitudes 

106.  The  most  appropriate  measure  of  earthquake  magnitude  for 
engineering  practice  is  assumed  to  be  the  local,  or  Richter  magnitude 
(M).  Most  earlier  studies  used  M , but  some  determinations  of  tele- 
seismic  magnitude  (m)  or  body  wave  magnitude  (m^)  for  earthquakes  of 

greater  than  magnitude  7 were  not  converted  to  M as  proposed  by 
3 

Richter.  This  compilation  uses  the  revised  magnitudes  listed  by 

Richter,^  Gutenberg  and  Richter,'5"0'*  and  Duda.100  Duda’s  compilation 

was  the  basis  for  earthquakes  of  over  magnitude  7 in  the  period  1897 

to  196U.  Other  important  sources  of  magnitude  determinations  are 

Matsuda^  and  Matsuzawa-1-  for  Japan;  Karnikx  for  southern  Europe  and 

Turkey  for  the  period  to  1961;  Rothe'*'0^  for  worldwide  seismicity  for  the 
..  92 

period  1953  to  1965;  and  Hileman  et  al.  for  the  southern  California 
region  for  1932  to  1972. 

107.  The  four  earlier  earthquakes  with  surface  faulting  in  Cali- 
fornia and  Nevada  in  1857,  1868,  1869,  and  1872  are  assigned  magnitudes 
based  on  intensity  observations  based  on  Figure  15  of  Krinitzsky  and 
Chang*4^  and  Toppozada. '5"1°  These  magnitudes  are  8.2  ± 0.2  for  the  1857 
earthquake,  6.7  ± 0.2  for  the  1868  earthquake,  6.7  ± 0.2  for  the  1869 
earthquake,  and  8.0  ± 0.2  for  the  1872  earthquake.  The  estimated  mag- 
nitudes of  earthquakes  of  preinstrumental  seismology  for  Europe  and 
Japan  probably  have  similar  errors  of  about  ±0.2,  since  the  intensity 
information  is  similar. 


Revision  of  Fault  Length  and  Displacement  Data 


108.  Measurements  of  many  previously  studied  examples  of  historic 
surface  faulting  have  been  completed  or  are  in  advanced  stages  of  re- 
study. After-shock  studies  and  geodetic  or  hydrographic  studies  permit 
improved  determination  of  several  faults  that  are  concealed  beneath 
the  ocean.  Published  accounts  that  provide  new  data  are  given  by 
Ambraseys,^ J,x0  J Hill  and  Beeby,4”11  Bonilla, Bonilla  and  Buchanan,1 
Jennings, ^ Kamb  et  al.  Matsuda,'^’^’1'1'^  Meade  and  Miller, * 


Morrison, Nakamura  and  Tsuneishi  J Plafker,'  u Seih  and  Jahns , * 
1X8  37  1*0 

Tasdemiroglu,  and  Thatcher.  ’ ~ Measurements  on  faulting  in  the 
Pleasant  Valley,  Nevada,  region  are  from  Wallace  and  Slemmons  (unpub- 
lished manuscript). 


Results  of  Compilation 

109.  The  relations  between  earthquake  magnitude,  fault  dis- 
placement, fault  length,  the  product  of  displacement  and  length,  and 
the  product  of  displacement  squared  and  length  are  given  in  Figures  25 
to  29  and  in  Tables  11  to  15.  The  equations  for  the  best  straight-line 
fit  for  various  types  of  faults  for  North  America  and  for  worldwide 
earthquakes  were  obtained  by  linear  regression  analysis  and  the  equa- 
tions, of  the  form  y = a + bx  , are  listed  in  Tables  11  to  15.  The 
earthquake  magnitudes  are  local  or  Richter  magnitudes.  Fault  lengths, 
in  metres,  are  generally  determined  by  the  zone  of  surface  rupturing, 
but  for  zones  that  are  partly  concealed,  geodetic  or  seismological  data 
are  used.  Displacements,  in  metres,  are  the  maximum  resultant  dis- 
placements or  shifts,  which  include  both  fault  slip  and  distortion. 

The  listing  of  fault  types  A through  E is  after  Bonilla  and  Buchanan: 

A for  normal-slip,  B for  reverse-slip,  C for  normal-oblique-slip,  D for 
reverse-oblique-slip,  and  E for  strike-slip.  The  first  28  events  are 
North  American  examples  of  surface  faulting  listed  in  chronological 
order.  The  following  55  examples  are  other  worldwide  events  listed  in 
chronological  order.  Events  or  data  items  are  omitted  where  the  data 
are  inadequate.  Faults  in  remote  areas  are  omitted  where  the  length  or 
maximum  displacement  values  are  considered  to  be  grossly  incomplete. 
Where  two  of  the  three  data  values  are  considered  to  be  satisfactorily 
determined,  the  two  values  are  used  and  the  third  is  rejected  by  listing 
a deleting  value  of  0. 


Reliability  of  Results 


110. 


The  careful  compilation  of  Bonilla  and  Buchanan 


1 


forms  the 
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EARTHQUAKE  MAGNITUDE 


Figure  25.  Maximum  surface  fault  displacement  on  main 
fault  as  related  to  earthquake  magnitude 
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Figure  26 


Maximum  surface  displacement  on  main  fault  as  related 
to  length  of  associated  surface  rupture  zone 
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MAXIMUM  SURFACE  DISPLACEMENT  ON  MAIN  FAULT,  FT 


earthquake  magnitude 


Figure  27.  Relation  of  earthquake  magnitude  to  length  of  cone  of 
surface  rupture  along  the  main  fault  zone 
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FAULT,  MILES 


Table  11 

Equations  of  Best  Straip;ht-Line  Fit  for  Magnitude 
Versus  Log,  Displacement:  M = a + b Lop,  D 


Fault 

No. 

a 

b 

Standard 

Deviation 

Correlation 

Coefficient 

North  America 

2l 

6.  7l5 

0.995 

0.595 

0.810 

Rest  of  world 

51 

6.821 

1.120 

0.519 

0.613 

Worldwide 

75 

6.750 

1.197 

0.5ll 

0.791 

A normal-slip 

20 

6.827 

1.050 

0.119 

0.777 

B reverse-slip 

11 

7.002 

0.986 

0.169 

0.711 

C normal-oblique-slip 

8 

6.750 

1.260 

0.395 

0.672 

D reverse-oblique-slip 

6 

6.917 

-0.150 

Q.kt  - 

-0.063 

E strike-slip 

30 

6.717 

1.2ll 

0.639 

0.811 

A + C 

28 

6.757 

1.226 

0.131 

0.771 

B + D 

17 

6.816 

1.023 

0.506 

O.67I 

C + D + E 

11 

6.705 

1.206 

0.586 

0.791 

C + D 

ll 

6.692 

1.165 

0.151 

0.568 

B + E 

ll 

6.767 

1.200 

0.606 

0.811 

A + C + E 

58 

6.737 

1.221 

0.519 

0.806 

B + D + E 

k7 

6.712 

1.188 

0.597 

0.795 

Table  12 

Equations  of  Best  Straight-Line  Fit  for  Log  Displacement 
Versus  Log  Length:  Log  D = a + b Log  L 


Fault  No. 


North  America  26 
Rest  of  world  b8 
Worldwide  7 b 
A normal-slip  20 
B reverse-slip  9 
C normal-oblique-slip  8 
D reverse-oblique-slip  6 
E strike-slip  31 
A + C 28 
B + D 15 
C + D + E 1+5 
C + D lb 
B + E U0 
A + C + E 59 
B + D + E b6 


cl 

b 

Standard 

Deviation 

-b.720 

1.036 

0.632 

-1.65b 

O.bbb 

0.320 

-3.185 

0.7b7 

0.515 

-b. 375 

1.01b 

0.567 

-2.123 

0.568 

0.226 

-0.107 

0.128 

0.279 

1 . 2b2 

-0.220 

0.15b 

-3.571 

0.805 

0.5bl 

-2.898 

0.705 

0.351 

-1.665 

0.b62 

0.276 

-2.92b 

0.68b 

0.516 

0.033 

0.081 

0.265 

-3.b69 

0.797 

0.506 

-3.239 

0.756 

0.b7b 

-3.119 

0.728 

0.501 

Correlation 
Coefficient 

0.737 
0.569 
0.6b5 
0.620 
0.832 
0. 183 
-0.b87 
0.703 
0.685 
0.700 
0.62b 
0.130 
0.722 
0.680 
0.682 

I 
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Table  13 

Equations  of  Best  Straight-Line  Fit  for  Magnitude 
Versus  Log  Fault  Length:  M = a + b Log  L 


Fault 

No. 

a 

b 

Standard 

Deviation 

Correlation 

Coefficient 

North  America 

26 

-o.ii+6 

1.504 

0.628 

0.815 

Rest  of  world 

49 

2.971 

0.920 

0.500 

0.680 

Worldwide 

75 

1.606 

1.182 

0.603 

0.724 

A normal-slip 

18 

1.81+5 

1.151 

0.521 

0.575 

B reverse-s  ip 

9 

I+.1I+5 

0.717 

0.167 

0.932 

C normal-oblique-slip 

10 

3.117 

0.913 

0.457 

0.604 

D reverse-oblique-slip 

7 

1+.398 

0.568 

0.  340 

0.522 

E strike-slip 

31 

0.597 

1.351 

0.694 

0.775 

A + C 

28 

2.01+2 

1.121 

0.490 

0.666 

B + D 

16 

3.355 

0.847 

0.320 

0.833 

C + D + E 

48 

1.149 

1.262 

0.650 

0.737 

C + D 

17 

2.992 

0.918 

0.437 

0.652 

B + E 

40 

1.042 

1.277 

0.664 

0.773 

A + C + E 

59 

1.204 

1.260 

0.639 

0.724 

B + D + E 

1+7 

1.357 

1.217 

0.638 

0.758 
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Table  lU 

Equations  of  Best  Straight-Line  Fit  for  Magnitude  Versus 
Log  Length  Times  Displacement:  M = a + b Log  LD 


Fault 

No. 

a 

b 

Standard 

Deviation 

Correlation 

Coefficient 

North  America 

2k 

3.510 

0.701 

0.503 

0.889 

Rest  of  world 

k6 

U.  158 

0.610 

0.L6I+ 

0.731 

Worldwide 

70 

3.7^0 

0.680 

G.1+89 

0.828 

A normal-slip 

18 

U.551 

0.530 

0.1+21 

0.750 

B reverse-slip 

9 

5-310 

0.1+23 

0.213 

0.886 

C normal-oblique-slip 

8 

3.281 

0.785 

0.325 

0.793 

D reverse-oblique-slip 

6 

3.706 

0.678 

0.353 

0.550 

E strike-slip 

29 

3.220 

0.759 

0.567 

0.859 

A + C 

26 

3.691 

0.707 

0.388 

0.792 

B + D 

15 

I+.I+78 

0.550 

0.327 

O.83I+ 

C + D + E 

1+3 

3.238 

0.766 

0.510 

0.850 

C + D 

lU 

3.168 

0.802 

0. 31+0 

0.781+ 

B + E 

38 

3.1+21+ 

0.728 

0.536 

0.859 

A + C + E 

55 

3.393 

0.71+5 

0.503 

0.837 

B + D + E 

1+1+ 

3. 1+1+1 

0.726 

0.515 

0.853 
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nucleus  of  this  study,  and  most  of  the  changes  are  additions  or  revis- 
ions based  on  more  detailed  and  recent  field  observations.  In  general, 
with  the  exception  of  a shift  of  the  previously  anomalous  position  of 
some  of  the  relations  for  reverse-slip  faults  to  one  that  is  closer  to 
that  of  the  other  fault  types,  there  are  no  major  differences  in  posi- 
tion or  slope  of  the  new  formulations  and  plots  by  region  or  fault  type 
from  those  of  Bonilla  and  Buchanan.  The  linear  regression  analysis 
shows  similar,  but  somewhat  smaller  standard  deviations  on  most  of  the 


plots,  and  the  improved  correlation  coefficients  indicate  increased  re- 
liability or  closeness  of  fit  for  most  of  the  curves.  The  greatest 


improvement  is  represented  in  reverse-slip  and  combined  reverse-slip 
and  reverse-oblique-slip  faults. 


Method  of  Statistical  Analysis 


111.  Examination  of  standard  deviations  and  correlation  coeffi- 


cients, determined  according  to  conventional  procedures,  shows  the  good- 
ness of  fit  to  the  straight  line,  and  reflects  the  Importance  of  the 
particular  parameter  shown  on  determining  the  magnitude  of  the  resulting 
earthquake.  The  displacement  parameter  shows  the  best  correlation  to 
earthquake  magnitude,  combined  displacement  and  length  parameters  show 
lower  correlation  coefficients  to  magnitude,  and  the  fault  length  param- 
eter provides  a moderately  good  correlation  to  magnitude. 


Data  Selected  for  This  Report 


112.  The  data  used  for  this  compilation  are  tabulated  in  a 


manner  similar  to  that  of  Bonilla  and  Buchanan.  Table  16  lists  the 


earthquake  reference  number,  with  28  North  American  earthquakes  and 
55  earthquakes  from  other  parts  of  the  world,  the  type  of  fault  by 
letter  (see  Figure  h),  the  earthquake  magnitude,  the  maximum  fault 


length  in  metres,  the  maximum  surface  fault  displacement  in  metres, 
date  of  main  earthquake,  locality,  and  main  fault (s)  activated. 


I 
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Table  16 

it-,  Fa..*.  Fa*.*  ?■ -;  * .r-  . r.  M«-*  ,-e..  . j 


— 

Max .Dun 

1 

Fault 

Length 

Dis| laceraent 

Type 

Mugr.  i t u4e 

Et-t.  res 

metre: 

late 

Zocu*  itjr 

Fa*-*.  . 

1 

£ 

8.20 

. 3600E  06 

. 1I00E  02 

CA,  Ft.  Te  J or. 

Car.  Andreas 

E 

6.70 

. 9000E  00 

10-. ‘1-1868 

'A , Huywar  : 

3 

fc 

6.70 

.1770E  05 

.2138E  01 

12-2 7-1869 

IT.-,  Olinghouse 

Olinghouse  j 1 

L 

C 

8.00 

' 

.t-llOE  01 

03-26-18'’. 

CA,  Owens  Valley 

Severa. 

5 

l 

8.28 

.1350E  06 

•6120E  01 

OU-l8-190(. 

CA,  .an  Francis-- 

San  An areas 

6 

A 

7.75 

. 6200E  05 

.5600E  01 

10-02-1915 

NY,  Pleasant  Vn . . -y 

Several 

7.20 

.6100E  05 

:: -.0-1932 

NY,  Viar  Mountain 

Several 

8 

A 

.H50E  01 

. 1220E  00 

01-30-191- 

NV , Excels,  r Mountains 

En ; wment  Mine 

9 

A 

6.60 

.1150E  05 

.5200E  00 

03-17-193^ 

U!  , Har.se.  Valley 

Kosno 

• 

6 

6.70 

.6110E  05 

.5790E  01 

05-19-19^0 

CA,  Imper.a:  Valley 

Imperial 

11 

E 

.7620E-01 

0J*-10-19l*7 

CA,  Manix 

Mar; ; x 

.. 

A 

5.60 

•8850E  01 

•fclOOE  00 

.7-1—1950 

'A,  Ft.  Sa ge  Mountain 

13 

K 

5.60 

. 30C.GE  01 

01-23-1951 

CA,  Superstition  Hi. 1s 

H 

B 

7.70 

.6500E  05 

. 1220E  01 

07-21-1952 

CA,  Kerr.  Cour.ty 

White  Well' 

13 

A 

6.60 

. 1770E  05 

■3050E  00 

07-06-1951* 

NY,  Fallon-.'*.:  ..water 

Rainbow  Mountain  3 

16 

A 

6.80 

. 3060E  05 

.7620E  00 

08-23-1951* 

NT  , Fallor.-.'t  i . 1 water 

Ra;r.bow  Mountain 

' 

7.10 

. 5800E  05 

. 5620E  01 

12-16-1951* 

NT,  Fairview  Peak 

Several 

-9 

A 

o.60 

.6120E  05 

. 3250E  01 

*2-16-1951* 

NT,  lixi--  Val.ey 

Severa. 

19 

6.80 

.19J1E  05 

. 1200E  01 

02-09-1956 

Raja  'Hi:'  rr.ia  N rte 

Sari  Miguel  a 

^0 

E 

7.90 

. 3500E  06 

.6580E  01 

07-10-1958 

AK 

Fair  Weather 

A 

7.25 

.2910E  05 

.63  E 

08-17-1959 

MT,  Hebger.  lake 
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PART  VII:  FAULT  RUPTURE  PATTERNS 


Introduction 


113.  Analysis  of  patterns  of  faults,  folds,  and  warps  along  or 
near  active  fault  zones  is  essential  to  determine  fault  length  and  type 
of  faulting  to  be  expected.  This  analysis  varies  in  difficulty  from  the 
relatively  simple,  commonly  straight,  in  places  branching  patterns  of 
subparallel  faults  of  major  strike-slip  fault  zones,  to  broad  zones  of 
diverse  fracture  pattern,  with  distributed,  conjugate,  en  echelon,  or 
complex  patterns  of  many  normal-slip  and  reverse-slip  fault  zones.  All 
types  may  be  associated  with  genetically  related  folds  or  warps,  partic- 
ularly where  distortion  by  folding  or  drag  provides  transitions  into 
monoclinal  or  other  fold  types  and  thereby  reduces  or  eliminates  the 
fault  slip  component  of  deformation.  In  general,  the  sequence  in  fault 
types,  from  strike-slip,  to  normal-slip,  to  reverse-slip,  represents  in- 
crease in  complexity  of  fracture  patterns,  decrease  in  fault  continuity, 
and  increase  in  difficulty  of  analysis  and  evaluation. 

111*.  The  evaluation  of  each  type  requires  geomorphic,  structural, 
and  stratigraphic  analysis,  with  supplemental  study  by  seismologic,  geo- 
physical, or  geodetic  methods.  The  geomorphic  features  express  the  type 
of  fault,  and  their  analysis  should  consider  fracturing  at  all  scales 
from  local  to  regional  as  noted  in  Appendix  A. 

Types  of  Distributed  and  Branching  Faults 

115.  Several  types  of  distributed  fracture  patterns  develop  si- 
multaneously from  closely  related  tectonic  processes — these  include 
formation  of  branching  faults,  antithetic  faults,  and  conjugate  fault 
systems  that  may  combine  in  the  regional  deformation  by  faulting  and 
folding. 

116.  Branch  faults  are  defined  by  Bonilla0  by  means  of  a diagram 
showing  the  main  fault  zone,  a branch  fault,  and  two  secondary  faults 
(Figure  30).  The  main  fault  is  the  fault  with  greatest  displacement, 
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I 

Figure  30.  Diagram  showing  (i)  main  fault 
zone;  ( II ) branch  fault;  and  (ill)  second- 
ary faults  (from  Bonilla^) 

length,  and  continuity,  and  branching  faults  are  those  that  connect  with 
the  main  fault,  often  at  an  acute  angle  suggestive  of  a conjugate  rela- 
tion. The  lesser  displacements  may  be  easily  overlooked  in  field  studies 
and  are,  as  Bonilla  recognized,  even  more  common  than  the  source  liter- 
ature  indicates.  Bonilla's  table  of  data  on  displacements  indicates  8 
examples  with  branch  faults  and  10  without  branch  faults.  This  writer's 
unpublished  data  demonstrate  that  branch  faults  are  present  in  three  ad- 
ditional cases:  the  Owens  Valley,  California,  earthquake  area  of  1872, 

the  Pleasant  Valley,  Nevada,  earthquake  area  of  1915 » and  the  Dixie  Val- 
ley, Nevada,  earthquake  area  of  195^.  Surface  faulting  in  San  Fernando, 
California,  in  1971  provided  abundant  evidence  of  branch  faulting  (Fig- 
ure 9).  The  195^  surface  faulting  along  the  Gold  King  fault  on  the 

119 

east  side  of  Dixie  Valley  has  branch  faults  (Slemmons,  and  Slemmons 
120 

et  al.  ),  but  the  sketchy  nature  of  the  map  of  the  19037  faulting  pre- 
cludes recognition  of  any  branching  at  tne  time  of  the  19037  earthquake. 
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117.  Antithetic  faults  are  defined  as  nearly  parallel  normal 

faults  with  rotation  fault-bounded  blocks  such  that  the  net  slip  on  each 

fault  is  greater  than  it  would  be  without  rotation.  Such  faults  appear 

to  be  in  opposition  to  the  general  uplift  so  that  fault  scarps  tend  to 

face  the  mountain  range.  Within  the  Basin  and  Range  Province  of  the 

western  United  States,  an  example  of  this  type  has  been  described  by 
121 

Thompson  and  White  in  the  Mount  Rose  area  near  Reno,  Nevada  (Fig- 
ure 31).  The  generally  upfaulted  and  upwarped  Mount  Rose  has  Tertiary 
volcanic  rocks  and  alluvial  sediments  that  dip  away  from  the  central 
axis  of  the  arched  area,  just  east  of  the  crest  of  the  range,  and  the 
fault  planes  of  the  two  flanks  of  the  mountain  have  many  normal  faults 
that  dip  toward  the  mountain  block  and  have  surface  fault  scarps  that 
face  the  uplifted  region.  This  type  of  faulting  may  result  from  the 
stretching  of  shallow  sediments  and  volcanic  rocks  to  provide  a thin- 
skin,  brittle  failure  from  the  extensional  forces  developed  by  the  up- 
warp  as  shown  on  the  cross  section  of  Mount  Rose  (Figure  31). 

118.  Other  examples  of  antithetic  faulting  from  the  Basin  and 
Range  region  include  the  Coyote  Uplift,  near  Bishop,  California,  and 
Pilot  Mountain,  east  of  Mina,  Nevada.  No  historic  examples  of  anti- 
thetic faults  slipping  are  known,  but  all  three  of  the  above  examples 
have  fault  scarps  with  Holocene  displacement  and  all  are  in  seismically 
active  regions. 

119.  Conjugate  faults  are  defined  as  faults  of  the  same  age  and 
tectonic  origin,  although  they  have  different  orientations.  The  con- 
jugate fracturing  can  develop  simultaneously  at  all  scales  from  micro- 
fractures through  small-scale  fault  trace  fractures,  through  scales 
represented  for  most  faults  encountered  in  field  mapping,  to  major 
structures  like  the  San  Andreas  and  Garlock  fault  zones  in  California 
(Tchalenko,^‘~‘“  Larson, ^3  Nakamura  and  Tsuneishi,^^  and  Huzita  et  al. 

120.  The  complex  interrelations  between  folding  and  faulting  of 

69 

a variety  of  types  and  orientations  are  described  by  Huzita  et  al.  " for 
southwest  Japan  (Figure  15).  The  complex  conjugate  sets  include  combi- 
nations of  strike-slip  and  reverse-slip  and  provide  an  especially  rood 
example  of  complex  development  of  conjugate  strike-slip  and  reverse-sli; 
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fault  patterns  from  the  horizontal  tectonic  compression  of  east -west 
orientation,  as  shown  in  Figure  32.  Three  types  of  deformation  are 
developed  in  this  region:  Type  A,  an  undulatory  warping  or  folding; 

Type  B,  a tear  fault  due  to  a boundary  between  folded  and  faulted 
blocks;  and  Type  C,  development  of  conjugate  shear  planes  due  to  com- 
pressive stress  in  brittle  rock  units  (see  Figure  15).  Type  C is  divided 
into  three  variants:  (a)  where  the  II  blocks  are  separated  from  I blocks 

by  shear  planes  that  are  considered  to  swell  on  the  free  surface  by  push- 
ing of  I blocks;  (b)  where  the  strain  is  released  by  tilting  of  I blocks; 
and  (c)  where  the  orthogonal  or  rhombic  fault  blocks  move  like  a mosaic 
combining  both  types  (a)  and  (b). 


Figure  32.  Models  of  three  fundamental 
structures  of  basement  due  to  horizontal 
compression.  A:  foundation  folding 

predominant  in  the  granitic  region. 

B:  tear  fault  occurring  along  the  bound- 

ary between  two  geologic  bodies  showing 
different  deformation.  C:  mosaic  move- 

ments of  the  rhombic  fault  blocks  bounded 
by  the  conjugate  shear  planes  predominant 
in  the  Paleozoic  region  (Huzita  el  al.  °) 
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PART  VIII:  SIZE  AND  SHAPE  OF  AREA  TO  BE  EVALUATED 

General  Comments 


121.  The  size  and  shape  of  the  area  to  he  studied  vary  with  the 
importance  of  the  engineering  structure  being  considered  and  the  dis- 
tribution and  type  of  faults  in  the  region.  Examination  of  histori 
examples  of  surface  faulting  shows  variation  in  shape  of  tectonic 
disturbance  that  varies  from  elongate  for . strike-slip  faults  to  oval, 
less  elongate  areas  for  megathrust  fault  zones,  to  equidimensional  for 
most  normal-slip  and  reverse-slip  faults.  The  following  examples  of 
each  of  the  four  main  types  provide  guidelines  for  determination  of 
the  approximate  dimensions  and  shape  of  the  area  required  for  evalua- 
tion. The  final  selection  of  the  size  of  the  area  may  be  modified  to 
encompass  faults  with  design  earthquake  magnitudes  that  would  result 
in  potential  damage  at  the  site.  Generally  these  examples  demonstrate 
the  need  for  a regional  tectonic  approach  that  commonly  involves  a 
study  area  of  150-km  or  larger  radius. 

122.  The  regulations  of  the  Nuclear  Regulatory  Commission  (1973) 

23  28  2k 

for  reactor  siting  and  the  recommendations  of  Sherard  et  al.“  for 

dam  siting  studies  suggest  that  most  studies  should  include  a generally 

circular  study  area  that  has  a 150-  to  300-km  radius  (the  Nuclear 

Regulatory  Commission  requires  a 200-mile  radius).  The  detail  of  the 

study  should  be  increased  near  the  site. 

123.  The  area  of  detailed  study  commonly  requires  aerial  photog- 
raphy and  imagery  analysis,  field  mapping,  trenching  across  faults, 
subsurface  drilling  and/or  geophysical  studies,  and  microearthquake 

studies.  The  trenching  studies  should  include  application  of  the 

7k  29 

special  techniques  listed  in  Taylor  and  Cluff  and  Krinitzsky. 

Megathrust  Fault  Zones 

12k.  The  196^4  Alaska  earthquake  of  8.5  magnitude  disturbed  an 
elongate  zone  over  800  km  in  length  and  between  2U0  and  500  km  in  width. 


1 

: 


106 


The  width  of  the  zones  of  aftershocks  and  geodetic  changes  of  mega- 
thrust zones  may  vary  according  to  the  dip  of  the  Benioff  zone.  Seis- 
mologists generally  predict  a maximum  length  of  800  to  1600  km  for  an 
earthquake  that  would  fill  a gap  or  extend  the  zone  of  previous  earth- 
quake activity.  Faults  above  the  megathrust  fault  plane  are  capable  of 
generating  earthquakes,  generally  of  lower  magnitude  related  to  their 
individual  lengths,  maximum  displacement,  and  focal  depth.  There  are 
many  active  faults  above  the  1961+  Alaska  megathrust  fault  plane  that 
were  not  activated  by  the  1961+  earthquake  (Brogan  et  al.  J);  their  fu- 
ture design  events  can  be  individually  estimated  and  their  activation 
may  occur  independently  of  future  displacements  along  the  megathrust 
fault  plane. 

125.  The  determination  of  design  earthquakes  can  be  accomplished 
by  seismological  methods  (Fedetov;1^*  Kelleher  and  Savino,J)  for  the 
more  frequent  larger  events  on  the  megathrust  fault  plane,  with  some 
associated  branching  activity  on  other  active  faults  of  the  region. 

These  zones  may  be  marked  by  some  increase  in  activity  prior  to  large 
earthquakes  of  bilateral  symmetry,  or  the  faulting  may  propagate  into 
a historically  aseismic  segment  with  unilateral  symmetry  from  an  ad- 
joining region.  The  earthquakes  are  generally  of  magnitude  8 or  higher, 
and  the  zone  of  faulting  is  commonly  measured  in  hundreds  of  kilometres. 
Other  faults  of  megathrust  regions  may  be  strike-slip,  normal-slip,  or 
smaller  branching  or  isolated  reverse-slip  faults  above  the  Benioff 
zone.  These  faults  can  be  independently  evaluated;  their  magnitudes 
may  be  as  great  as  8 to  8.5. 

Strike-Slip  Fault  Zones 

326.  Geodetic  movements  and  aftershock  activity  associated  with 
the  1906  and  more  recent  strike-slip  earthquakes  of  the  San  Andreas 
fault  system  indicate  patterns  of  activity  that  are  much  more  elongate 
than  for  other  fault-slip  types.  The  main  zone  of  1906  surface  fault- 
ing exceeded  1+00  km  in  length  and  the  main  geodetic  deformation  in  the 
100-km-wide  zone  between  Farallon  Islands  and  Mt.  Diablo  was  in  an  even 
narrower  zone  near  the  San  Andreas  fault  (Thatcher  ).  The  relatively 
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limit  the  width  of  strain  accumulation  that  is  allowed  without  exciting 
activity  on  other  faults.  The  great  length  and  continuity  of  many 
strike-slip  faults,  with  lengths  measured  in  hundreds  or  thousands  of 
kilometres,  require  that  design  fault  studies  be  undertaken  on  a re- 
gional basis.  The  length  of  the  study  area  should  at  least  be  equal  to 
the  maximum  length  likely  to  be  activated  during  an  earthquake,  and  pref- 
erably should  include  the  entire  fault  system.  The  width  of  the  study 
area  around  the  site  should  at  least  be  equal  to  the  radius  of  potential 
damage  from  earthquakes  generated  on  distant  faults.  For  example,  the 
rock  acceleration  versus  fault  distance  and  earthquake  magnitude  charts 
listed  in  Table  1 indicate  that  rock  accelerations  of  0.10  g may  be  ob- 
tained at  a distance  of  100  km  for  an  earthquake  of  8.25  magnitude.  For 
a design  value  of  0.10  g,  the  fault  study  should  at  least  include  a 
region  of  100-km  radius  about  the  site. 

Normal-Slip  Fault  Zones 

127.  The  195**  central  Nevada  earthquakes  developed  a complex 
zone  of  surface  faulting  in  a region  about  100  km  in  north-south  length 
and  50  km  in  east-west  width.  The  geodetically  deformed  region  was  at 
least  100  km  in  north-south  dimension  and  was  about  100  km  in  east -west 
dimension  (Savage  and  Hastie  ).  Although  the  geodetic  changes  in- 
cluded a major  strike-slip  component  as  well  as  an  east-west  extension, 
the  example  suggests  a crudely  circular  or  oval  region  of  geodetic 
disturbance  for  normal-slip  faults.  This  subequal  dimension  of  defor- 
mation suggests  that  for  Basin  and  Range  types  of  faulting,  fault 
studies  should  include  an  area  of  study  that  is  approximately  as  wide 
as  the  longest  cases  of  historic  surface  faulting,  about  120  to  160  km 
(75  to  100  miles)  for  the  1872  Owens  Valley  earthquake,  or  about  100  km 
for  the  better  known  195**  earthquake  sequence  of  surface  faulting. 

This  is  also  about  the  distance  from  larger  earthquakes  that  would  give 
ground  motion  of  about  10  percent  of  the  acceleration  of  gravity. 
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Reverse-Slip  Fault  Zones 


128.  Zones  characterized  by  reverse-slip  faults  provide  the  most 
complex  types  of  zones  to  evaluate  (see  Figure  9).  The  geomorphic  ex- 
pression of  thrust  faults  is  difficult  to  identify,  the  fracture  pat- 
terns may  be  complex  as  shown  in  Figure  30,  and  many  branch  faults  may 
be  present  in  the  hanging  block  above  the  fault  plane.  The  1971  San 
Fernando  earthquake  produced  a broad  zone  of  distributed  faulting,  and 
had  a somewhat  larger,  oval  area  of  geodetic  change  and  aftershock 

activity.  The  San  Fernando  faulting  activated  only  a short  segment  of 

, 99 

the  longer  Santa  Susana  fault  system  (Jennings  ).  The  branching  char- 
acter of  this  system  would  allow  possible  connections  with  the  Sierra 
Madre  and  other  reverse-slip  and  reverse-oblique-slip  faults  of  the 
Transverse  Ranges  of  southern  California.  The  historic  record  shows 
that  some  of  the  high-angle  reverse-oblique-slip  faults  of  Japan  have 
ruptured  from  eml  to  end  with  earthquakes  of  about  8 magnitude 
(Matsuda"^^ ) . 

129.  The  oval  shape  of  geodetic  change  and  aftershock  activity, 
and  the  possibility  of  high-magnitude  events  along  longer  fault  zones 
of  this  type  require  regional  studies  for  evaluation  of  design  earth- 
quakes. The  size  for  regional  evaluation  is  similar  to  that  for  sti ike- 
slip  and  reverse-slip  faults,  about  100  to  150  km.  The  complexity  of 
patterns  and  the  need  for  determination  of  fault  continuity  require 
careful  and  detailed  studies  along  the  strike  and  in  the  hanging  wall 
block  of  all  reverse  faults  near  the  site. 

Summary 

130.  The  size  and  shape  of  the  study  area  are  generally  deter- 
mined by  the  type  of  faulting  and  distance  to  active  faults  that  are 
capable  of  producing  damaging  ground  motion  at  the  site.  Generally 
oval  or  somewhat  elongate  shaped  areas  should  be  studied,  with  the  long 
axis  of  the  area  oriented  along  the  strike  of  the  main  faults  of  the 
region.  Megathrust  zones  and  major  strike-slip  fault  zones  should  be 
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evaluated  for  distances  of  hundreds  to  thousands  of  kilometres  as  noted 

12^  65 

by  Fedetov1  and  Kelleher  and  Savino.  Shorter  reverse-slip  and 
strike-slip  faults,  and  normal-slip  faults,  including  those  of  complex 
conjugate  patterns,  require  a more  equi dimensional  study  area,  with 
the  radius  of  the  study  area  up  to  about  100  to  150  km.  Consideration 
should  be  given  to  the  possiblity  of  bilateral  propagation  into  aseismic 
or  weakly  seismic  areas,  with  lengths  of  faulting  of  50  to  150  km  and 
earthquakes  of  magnitudes  of  about  8. 
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PART  IX:  DETERMINATION  OF  FAULT  LENGTH  AND  EARTHQUAKE  MAGNITUDE 

FOR  EN  ECHELON  AND  CONJUGATE  FAULT  SYSTEMS 

131.  The  most  important  element  in  assigning  design  earthquakes 
from  fault  length  is  the  proper  determination  of  fault  continuity.  For 
major  faults  of  great  length  and  good  outcrop  exposure,  the  determina- 
tion is  simple;  for1  more  complex  faults,  or  for  faults  with  poor  ex- 
posures or  with  concealed  segments,  many  of  the  techniques  described 

in  Part  V of  this  report  will  be  required  to  resolve  continuity.  Spe- 
cial studies  (listed  in  Table  8)  may  be  required  to  resolve  continuity 

or  activity  of  specific  fault  zones. 

8 9 

132.  Bonilla  ’ described  subsidiary  faulting — branch  faults  ana 
secondary  faults.  He  quantitatively  showed  that  the  amount  of  dis- 
placement on  branch  and  secondary  faults  decreased  rapidly  with  distance 
from  the  main  fault.  The  independent  strain  accumulation  on  the 
Calaveras  and  Hayward  fault  branches  relative  to  the  San  Andreas  fault, 
shown  by  recent  geodetic  deformation  (Thatcher  ),  suggests  that  design 
earthquakes  for  sites  should  include  determinations  of  design  earth- 
quakes for  each  branch  or  secondary  fault,  as  well  as  for  the  main  fault 
in  the  region. 

133.  Estimates  of  maximum  magnitude  earthquakes  for  the  San 
Andreas  fault  and  the  Hayward  and  Calaveras  branch  faults  are  given  in 
Table  17,  with  the  assumption  that  one-hall'  of  the  total  fault  length 
would  break  in  a maximum  earthquake.  The  use  of  one-half  of  the  total 
fault  length,  rather  than  the  full  fault  length,  is  based  on  the  ob- 
servation that  the  surface  faulting  rarely  affects  the  full  fault  length. 
This  method  of  independent  selection  of  design  events  gives  similar 
results  to  that  discussed  below  for  en  echelon  and  conjugate  fault 
systems . 

13U.  Analysis  of  en  echelon  fault  systems  is  illustrated  for  the 
complex  pattern  of  faulting  on  at  least  four  main  overlapping  fault 
segments  of  the  1915  Pleasant  Valley  fault  system  as  shown  in  Figure 
and  the  195^  Fairview  Peak  fault  zone  between  Dixie  Valley  and  Mt . Anna 
as  shown  in  Figure  8.  The  Pleasant  Valley  earthquake  devi  . ped  ' h« 
pattern  shown  in  Figure  7,  with  a pattern  that  affected  the  western 
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Estimates  of  Earthquake Magnitude  for  the  San  Andreas , Calaveras , and  Havward  Fault  Zones 
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* Bonilla  and  Buchanan  1970  data  recalculated  (see  Table  U herein). 

**  A value  close  to  the  maximum  historic  earthquake  was  adopted  for  this  fault, 
t Slemnons,  new  determination;  the  equations  used  for  determining  magnitude  are  for  half-length  in 
kilometres . 
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edge  of  four  mountain  fault  blocks  to  the  east  of  the  Sou  Hills  Scarp, 

the  Pearce  Scarp,  the  Tobin  Scarp,  and  the  China  Mountain  Scarp.  A 

possible  fifth  scarp  of  questionable  origin  may  extend  the  en_  echelon 

zone  an  additional  15  km  to  the  southwest.  This  set  of  faults  forms  a 

prominent  set  that  can  be  inferred  from  the  topographic  map,  with 

distinct  truncations  of  the  pattern  at  both  the  northern  and  southern 

ends  of  the  zone.  These  truncations  are  suggested  by  microearthquake 

surveys  of  the  northern  end  (Wollenberg,  personal  communication,  1976) 

and  by  geophysical  anomaly  patterns.  The  195^  Fairview  Peak  fault  zone 

has  more  continuity  of  faulting,  although  many  en  echelon  branches  are 

present  near  the  southern  part  of  this  zone.  The  northern  and  southern 

truncations  are  major  topographic  truncations,  and  the  southern  end  of 

the  surface  faulting  abuts  against  a major  tectonic  structure,  the 

Walker  Lane,  and  is  marked  by  cross-structure  shown  in  uhe  microearth- 

71 

quake  activity  (Ryall  and  Malone  ) and  by  coincident  strong  anomalies 

125 

in  the  aeromagnetic  map  (U.  S.  Geological  Survey  ). 

135-  Conjugate  fault  systems  include  swarms  of  subparallel  faults, 
in  part  with  en  echelon  patterns  as  noted  for  the  1915  and  195^*  Fairview 
Peak  earthquakes.  In  addition,  faults  with  two  different  trends  or 
orientations  have  been  reported  for  strike-slip  and  reverse-slip  faults. 
The  Tango  earthquake  (magnitude  = 7-5)  in  Japan  activated  the  18-km-i.  n~ 
northwest-striking  Gomura  fault  with  2.5  m of  left-slip  displacement  and 
the  nearby  7-5-km-long  northeast-striking  Yamada  fault  with  0.8  m of 
right-slip  displacement  (Matsuda  ).  Other  Japanese  examples  reported 
by  Matsuda  include  the  1930  N-Izu  conjugate  faulting  on  the  Tanna  fault 
system  and  the  Himenoyu  fault,  and  the  19^3  Tottori  earthquake  of 
J.h  magnitude  that  activated  the  Shikano  and  Yoshioka  faults.  The 
Yakutat  Bay  earthquakes  of  1899,  of  approximately  8.3  and  8.5  magnitude.  , 
apparently  activated  conjugate  faults  with  large  vertical  component.'  f 
displacement  along  two  main  northwest-trending  fault  zones  and  two 
northeast-trending  fault  zones  at  Yakutat  and  Disenchantment  Bay  (Tarr 
and  Martin  L"J).  This  region  was  not  adequately  studied  but  probably 
combines  northwest-striking  right-oblique-slip  faults  and  northeast- 
trending reverse-slip  faulting  at  Disenchantment  Bay.  Although  these 
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examples  have  not  been  thoroughly  evaluated  with  regard  to  the  total 

length  of  the  faults  involved  in  the  above  displacements,  their  total 

length  would  yield  estimated  magnitudes  when  taken  individually  that 

are  probably  similar  to  that  reported  during  their  historic  conjugate 

faulting  (Plafker,  personal  communication).  The  zone  of  conjugate 

69 

faulting  shown  by  Huzita  et  al.  as  shown  in  Figure  15  and  the  active 
fault  map  of  Japan  suggest  the  presence  of  many  faults  with  full  lengths, 
or  of  half-lengths  that  would  give  earthquakes  of  the  historically  ob- 
served range  of  7 to  8 magnitude  for  Japan.  The  Yakutat  Bay  earthquake 

/T  c 

is  part  of  a long  zone  evaluated  by  Kelleher  and  Savino.  This  zone 
has  earthquakes  of  about  8 to  8.5  magnitude. 
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PART  X:  METHODS  OF  APPLYING  FAULT  LENGTH  TO  DETERMINE 

DESIGN  EARTHQUAKE  PARAMETERS 


136.  The  following  steps  are  generally  used  in  applying  fault 
length  to  magnitude  relations: 


a.  Determination  of  activity.  The  rationale  outlined  in 
Part  IV  of  this  report,  and  summarized  in  part  in 
Table  7,  is  applied  to  determine  whether  or  not  the 
faults  near  the  site  are  active.  Additional  studies 
to  resolve  the  question  of  activity  may  be  required  for 
faults  of  uncertain  activity  as  noted  in  Table  8. 

Faults  that  are  active,  or  that  are  assumed  to  be 
active,  require  a determination  of  the  maximum  probable 
length. 


b_.  Determination  of  total  fault  length.  The  rationale 

given  in  Part  V of  this  report  is  used  to  determine  the 
total  fault  length  of  all  active  faults  within  a radius 
or  range  of  influence  as  outlined  in  Part  VIII.  Faults 
with  an  uncertain  continuity,  due  to  portions  being 
concealed  by  recent  deposits,  lakes,  or  ocean,  may  re- 
quire special  geophysical  surveys  to  determine  whether 
interpolation  or  extrapolation  of  known  segments  will 
yield  a true  length.  Conservative  assumptions  of  con- 
tinuity between  isolated  faults  are  possible,  but  may 
lead  to  very  large  design  earthquakes . 

c_.  Faults  of  complex  regions  of  en  echelon  or  conjugate 

fracture  systems  should  be  evaluated  as  noted  in  Part  T X 
of  this  report , to  give  a somewhat  larger  combined  fault 
area  than  individual  fault  segments  would  indicate.  The 
maximum  length  of  the  combined  fault  pattern  is  used  for 
plotting  the  fault  length. 


d. 


Fault  lengths  are  plotted  on  the  charts  or  are  solved  by 
the  equations  for  the  worldwide.  North  America,  or  fault 
slip-type  to  obtain  estimated  earthquake  magnitudes. 
Since  the  data  of  Bonilla  and  Buchanan  are  improved  and 
expanded  from  the  earlier  determinations  of  Tocher, 
Iida,5>6  or  Albee  and  Smith, ? there  is  little  justifica- 
tion for  averaging  their  determinative  charts  with  those 
of  Bonilla  and  Buchanan,  or  of  this  report.  The  results 
by  fault  type.  North  America,  or  worldwide  formulations 
or  plots  can  be  averaged,  discussed,  and  the  proper  type 
selected.  The  method  of  using  fault  half-length  pro- 
posed by  Wentworth  el  al.i^T  is  based  on  the  statement: 
"Rupture  of  the  whole  length  of  a fault  in  a single 
event  seems  unlikely,  and  comparison  of  historic  rupture 
lengths  to  length  of  mapped  faults  in  southern  Califor- 
nia (Allen  et  al. ,20  Figure  h)  suggests  that  rupture 
of  only  half  the  length  or  less  is  a more  likely  case. 
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as  pointed,  out  by  Albee  and  Smith. " This  practice  in- 
volves uncertainties  in  percent  of  rupture  length  as 
was  noted  by  Wentworth  et  al.^7  Allen”^  mentions  that 
this  practice  does  not  lead  to  the  most  conservative 
results.  Allen  also  mentions  the  work  of  Matsuda,®^ 
who  studied  the  Nobi  earthquake  of  1891  in  Japan,  in 
which  during  a magnitude  8 earthquake  the  full  length 
of  a fault  was  ruptured.  The  method  is  convenient  and 
the  50%  rupture  length  is  the  most  widely  used  and  ap- 
propriate percentage  with  the  present  state-of-the-art. 
This  method  is  applied  by  many  U.S.G.S.  researchers  and 
by  engineers  and  for  many  applications  the  results  lead 
to  results  that  are  compatible  with  other  methods. 

e_.  Comparison  of  results.  The  design  earthquake  obtained 
from  fault  length  should  be  compared,  if  possible,  with 
results  from  maximum  displacement.  The  results  of  the 
several  methods  should  be  averaged  and  compared  with  the 
maximum  earthquake  determined  from  seismological  studies. 
The  final  design  magnitude  can  then  be  converted  into 
the  required  engineering  design  parameters  by  relations 
indicated  in  Table  1. 
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PART  XI:  METHODS  OF  DETERMINING  OR  USING 

MAXIMUM  FAULT  DISPLACEMENT 


137.  The  detailed  field  analysis,  based  either  on  geomorphic 
features  or  stratigraphic  offsets,  can  give  the  maximum  fault  displace- 
ments of  past  faulting  events.  This  value,  when  plotted  directly  in 
Figure  2 6 or  solved  by  equation  in  Tables  2 or  11,  will  determine  a 
design  magnitude  value.  The  goodness  of  fit  for  this  relation  is  much 
better  than  for  the  value  obtained  from  the  fault  length,  and  should  be 
used  whenever  possible.  Use  of  the  relations  of  magnitude  to  log  LD 
(Tables  5 and  lb,  and  Figure  28)  and  magnitude  to  log  LD  (Tables  6 and 
15,  and  Figure  29)  provides  other  design  earthquake  values,  but  with 
higher  standard  deviations  for  the  magnitude  value.  Where  several 
values  are  obtained,  the  results  can  be  averaged  for  the  geological 
determination,  which  can  then  be  compared  with  the  seismological 
determination . 
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APPENDIX  A:  GEOMORPHIC  FEATURES  OF  ACTIVE  FAULT  ZONES 


Introduction 

1.  The  geomorphic  features  of  the  three  main  types  of  fault  zones, 
strike-slip,  normal-slip,  and  reverse-slip,  provide  the  main  means  of 
identifying  active  faults,  tracing  their  length,  and  characterizing  the 
type  of  slip  movement  to  be  expected  during  future  events.  The  mor- 
phology varies  from  small-scale  features  that  develop  at  the  time  of 
surface  faulting  to  large-scale  geomorphic  forms  that  form  their  main 
topographic  expression.  Faults  may  be  along  boundaries  between  mountains 
and  valleys  or  have  less  conspicuous  topographic  expression  within 
mountainous  or  more  moderate  terrains. 

Minor  Geomorphic  Features  of  Active  Strike-Slip  Faults 

2.  The  geomorphology  of  strike-slip  faults  is  the  simplest  of  the 
three  main  slip  types  of  faults , but  even  with  strike-slip  faults  of 
vertical  dip,  the  detailed  pattern  of  surface  rupture  may  be  complex. 

This  complexity  may  be  preserved  by  major,  long-term  geomorphological 
features  or  by  minor,  rapidly  healed  surface  ruptures.  The  discussion 
of  geomorphic  features  of  strike-slip  fault  zones  can  be  considered  both 
from  the  morphology  of  the  fractures  developed  during  a surface  faulting 
event,  and  from  the  long-term  cumulative  effects  which  appear  as  major 
landforms  along  the  fault  zone.  Typical  patterns  of  rupture  are  illu- 
strated to  assist  in  future  correlation  studies  for  other  fault  zones. 

128* 

3.  Gilbert  recognized  four  types  of  fault  traces  along  the 
1906  breaks  of  the  San  Andreas  fault  zone  between  Tomales  Bay  and 
Bolinas  Lagoon.  These  he  named  the  ridge  phase,  trench  phase,  and 
echelon  phase;  he  also  noted  that  a few  places  were  marked  by  a simple, 
narrow  and  straight  break  that  was  parallel  to  the  main  fault  zone . 


* Raised  numerals  refer  to  similarly  numbered  items  in  the  References 
at  the  end  of  the  main  text. 


During  the  1960's  and  1970's  there  have  been  a number  of  strike-slip 
active  fault  zones  carefully  studied  and  mapped.  This  led  to  recogni- 
tion and  naming  of  minor  types  of  features.  These  features  include 
minor  pressure  mounds,  pressure  ridges,  and  linear  or  elongate  "mole- 
tracks."  In  addition  to  raised  areas,  there  are  fissures,  depressions, 
and,  especially,  patterns  of  en  echelon  fissuring.  The  main  types  of 
surface  breakage  or  morphological  features  include  the  following. 

Ridge  traces,  pressure  ridges, 
mole  tracks,  and  pressure  mounds 
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U.  Ridge  traces  (Gilbert  ) are  low  ridgelets  developed  by  loos- 
ening of  turf  and  soil  from  strike-slip  displacements  along  active  faults 
(Figure  Al).  The  1906  surface  faulting  along  the  San  Andreas  fault  zone 
developed  ridgelets  that  varied  in  width  from  1 to  3 m and  in  height 
from  a few  centimetres  to  0.5  m.  The  ridging  results  from  increased 
soil  volume  by  fragmentation  and  loosening  of  soil  and  turf  to  increase 

in  voids  and  develop  features  similar  to  a giant  "mole  track."  Similar 
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features  are  shown  in  Figure  15  in  Tchalenko  and  Ambraseys. 

5.  The  cracking  and  loosening  of  the  surficial  materials  were 
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described  by  Gilbert  to  vary  from  irregular  into  regular  en  echelon 

122 

patterns  similar  to  that  described  by  Tchalenko  from  laboratory  micro- 
scopic and  intermediate  Riedel  experiment  scales  to  a regional  scale  as 
shown  by  surface  faulting  during  the  1968  Dasht-e  Bayaz  (Iran)  earthquake. 
Tchalenko 's  experimental  work  demonstrates  the  development  of  en  echelon 
fractures  that  initially  form  sets  of  conjugate  shears  (Figure  A2)  and 
with  continuous  shears  parallel  to  the  main  fault  (Figure  A2B).  The 
post-peak  and  residual-peak  structures  form  through  a wide  range  of 
dimensions,  including  the  scale  of  major  strike-slip  faults  (Figure  A3). 

6.  The  en  echelon  patterns  provide  a pattern  that  is  diagnostic 
as  to  whether  the  displacement  is  of  the  right-slip  or  left-slip  type: 
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Figure  A2.  Diagram  of,  and  sequence  of  structures  in,  the  Riedel  experiment  (Tchalenko 


a.  Peak  structure 


b.  Postpeak  structure 

(A)  Dasht-e  Bayaz  earthquake  fault 

(B)  Riedel  experiment 

(C)  entire  shear  box 

(D)  detail  of  shear  box  sample 
Dotted  lines  indicate  less  prominent 
shears.  The  structures  plotted  in 
the  form  of  rose  diagrams  show 
Riedel  and  conjugate  Riedel 

directions . 


Figure  A3*  Comparisons  of  peak  and  postpeak  structures  in  shear  zones 
of  different  magnitudes  (from  Tchalenko^ ?2) 
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7.  The  terms  ridge , mole  track,  buckle , bulge , and  pressure  ridge 
denote  ridgelike  features  along  the  fault  trace.  The  term  pressure 
mound  or  termination  bulge  is  appropriate  for  a tumulus  or  mound  pro- 
duced by  pressure  rather  than  loosening;  mound  is  the  more  general  term 
that  includes  features  resulting  from  increase  in  volume  from  fissur- 

ing  as  well  as  pressure  effects.  Detailed  features  of  this  type  have 
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been  mapped  by  Wallace  (in  Brown  and  Vedder  ) for  a segment  of  the 
Parkfield-Cholame  surface  faulting  of  19 66  on  the  San  Andreas  fault  zone 
(Figure  Al).  This  type  of  ground  breakage  was  the  most  common  type  of 
surface  expression  of  the  1906  faulting  along  the  San  Andreas  fault  in 
the  Tomales  Bay  to  Bolinas  Lagoon  segment. 

Trench  trace  scarps 
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8.  Trench  trace  scarps  (Gilbert,  pp  66-76)  are  shallow 
trenchlets  developed  by  settlement  of  soil  and  shallow  unconsolidated 
materials  into  fissures  along  active  surface  faults  (Figure  A5).  This 
type  of  feature  marked  short  segments  of  the  1906  faulting  on  the  San 
Andreas  fault  zone.  The  settlement  may  be  accompanied  by  irregular 
blocky  or  en  echelon  patterns  of  fracture,  or  by  settled  or  uplifted 
branching  blocks,  in  places  with  wedge  or  rhombic  forms.  The  pattern 
indicates  whether  the  displacement  is  right-  or  left-strike-slip.  Micro- 
trench traces  were  mapped  by  Wallace  along  the  trace  of  the  Parkfield- 
Cholame  fault  segment  of  the  San  Andreas  fault,  see  Figure  Ab. 

En  echelon  or  echelon  traces 

9.  These  are  unconnected  short,  parallel  fissures  along  active 

fault  zones  with  individual,  unconnected  segments  that  diverge  at  angles 

of  about  U50  to  the  strike  of  the  main  fault,  with  a pattern  that  is 

indicative  of  right-  or  left-slip  faulting.  The  mechanics  of  this  type 
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of  fracture  pattern  is  discussed  in  detail  by  Tchalenko.  Gilbert 

noted  that  this  type  of  pattern  was  developed  chiefly  in  wet  alluvium. 
This  type  of  fissuring  is  commonly  developed  along  faults  with  rapid 
creep,  and  the  careful  study  of  the  dilation  along  individual  segments 
can  provide  useful  data  on  the  amount  of  offset  (Figure  A6).  The  pat- 
tern can  also  be  extremely  complex  as  shown  in  Figure  A7  from  the 
Parkfield-Cholame  earthquake  area. 
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Figure  Ak.  Sketch  map  of  the  detailed  relations  between  right- 
slip  en  echelon  fractures,  accompanying  mounds  or  pressure 
ridges,  which  together  make  up  mole  tracks  on  the  San  Andreas 
fault  zone  and  depressions  or  trench  traces,  Parkfield-Cholame 
earthquake  area  of  June-August  1966.  Fractures  mapped  by 
R.  E.  Wallace  on  July  21,  1966.  U,  upthrown;  D,  downthrown. 
Inset  is  a diagram  of  the  fracture  system  and  related  pressure 
ridges  where  individual  fractures  result  from  a composite  of 
shear  and  extension  movement , alternating  in  a steplike  ar- 
rangement as  at  ei,  s_,  and  b_.  Note  the  backward  or  reverse 
sigmoid  pattern  formed  by  the  bowed  ends  ai  d_  and  _f.  Mound  re- 
lief is  compensated  by  vertical  displacement  indicated  at  and 
f.  Greatest  extension  E-E'  nearly  parallel  to  the  mound  axes 
or  normal  to  the  shortening  direction  C-C'.  The  maximum  frac- 
ture wall  separation  is  about  14  cm  and  the  right-separation  is 
about  5 cm  (from  Brown  and  Vedderl^O) 
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Figure  A5.  Trench  trace  or  trench  phase  trace  of  Gilbert. The 
photograph  is  of  the  Gan  An  Ireas  fault  trace  of  1906,  1 mile  north- 
west of  Bolinas  Lagoon 
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igure  A6.  Fracture  with  en  echelon  appea 
:iult  zone  near  the  Varto,  Turkey,  earthqu1 
attern  is  characteristic  of  richt  s’,  ip. 

(after  Wallace! 3: ) 


10.  This  type  of  pattern,  along  with  various  oblique-slip  c m- 
binations  with  reverse-slip  and  normal-slip  faulting,  is  present  along 
extensive  segments  of  many  historic  zones  of  faulting. 

Path  traces 

— . ■ — ■ ■ — — — « 

11.  Malcolm  Clark  has  described  a pathlike  appearance  at  the 
surface  of  fault  traces  along  strike-slip  faults.  This  pattern  may 
involve  a decrease  or  change  in  sorting  of  rock  fragments  along  the 
fault  trace,  and  the  paths  along  parts  of  the  Garlock  fault  in  Cali- 
fornia are  developed  in  low  topographic  settings  and  are  noted  by 
Clark^  as  "pebbly  paths." 

Linear  fault  traces 

12.  These  are  the  straight  to  slightly  arcuate  fractures  caused 

by  simple  breakage  along  active  faults.  This  type  of  breakage  is  less 
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common  than  the  previously  mentioned  types.  Gilbert  described  a 

segment  of  the  1906  San  Andreas  fault  with  the  statement:  "There  are 

a few  spots  where  for  short  distances  the  surface  expression  is  a simple 

straight  fracture  along  which  horizontal  motion  took  place."  Brown  and 

Vedder'*'^  describe  this  type  of  fault  expression  along  the  1966 

Parkf ield-Cholame  segment  of  the  San  Andreas  fault  zone  as  less  common 

than  the  en  echelon  type,  and  it  connects  segments  with  en  echelon 

fracturing.  Linear  fault  traces  can  grade  into  slightly  en  echelon 

types.  In  the  Parkf ield-Cholame  area,  the  average  length  of  segments 

of  this  type  was  6.1  m with  a width  of  2.5  cm,  and  the  maximum  length 

was  about  18.3  m with  a width  of  about  9 cm.  Small  vertical  offsets 

were  noted  in  some  places  and  may  represent  differential  compaction  of 

the  surficial  materials  at  the  fault,  or  offsets  of  topographic  slope. 

122 

Experiments  by  Tchalenko  indicate  that  linear  traces  are  more  common 
during  advanced  stages  of  strike-slip  deformation  (see  Figure  A3). 
Sigmoid  fault  traces 

13.  For  many  fractures,  these  include  open  S-forms  with  an 
arcuate  termination.  Suggestions  of  sigmoidal  fault  traces  are  shown 
in  Figures  AT  and  A8.  The  sigmoidal  patterns  are  as  follows: 


All 


1 2 J a mm  5 


legend 

1 . FRACTURE  SHOWING  GREATEST  AMOUNT  OF  RELATIVE  DISPLACEMENT. 

2.  SMALL  FRACTURE. 

3.  PREEARTHQUAKE  FAULT  LINEAMENT 

4.  QA  NAT  LINE. 

5.  ISOLATED  MUD  HOUSES  RESPECTIVELY  UNDAMAGED,  DAMAGED.  AND 
DESTROYED.  RELATIVE  DISPLACEMENTS  IN  CENTIMETRES,  FIRST 
FIGURE  LEFT-LATERAL  MOVEMENT-SECOND  FIGURE  VERTICAL 
MOVEMENT. 

Figure  A8.  Fault  map  of  a section  of  the  Dasht-e  Bayaz  earthquake  zone, 
Iran,  of  1966  (from  Tchalenko  and  Amhraseys129) . Note  sigmoidal  or  open 

S-shapes  of  en  echelon  fractures 
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Major  Geomorphic  Features  of  Strike-Slip  Faults 

lU.  The  main  geomorphological  features  developed  along  strike- 

slip  faults  are  described  in  a number  of  specific  fault  studies.  The 
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first  classic  major  study  is  the  report  by  Lawson  et  al. , of  the 
surface  faulting  and  related  effects  accompanying  the  1906  San  Fran- 
cisco earthquake.  This  report  described  in  detail  the  surface  faulting 
along  the  northern  part  of  the  San  Andreas  fault  zone.  A number  of 
recent  studies  have  mapped  in  detail  a number  of  historic  and  pre- 
historic surface  breaks  along  strike-slip  zones.  These  reports  provide 

an  excellent  basis  for  study  of  other  zones  of  this  type.  They  include: 

129 

Tchalenko  and  Ambraseys  and  the  U.  S.  Geological  Survey  Series  of 
Miscellaneous  Geological  Information  and  Open-Filed  Maps  that  include: 

Radbruch , ^ ^ Hope,"*"3^  Ross,*3''  Vedder  and  Wallace,*'31"  Brown  and 

137  138  32 

Wolfe,  Sharp,  and  Clark. 

15.  The  typical  landforms  of  strike-slip  zones  are  shown  by 
block  diagrams  in  Figures  A9  and  A10.  Figure  A9  is  representative  of 
segments  of  the  San  Andreas  and  Garlock  fault  zones  in  mountainous 
regions  with  extensive  alluvial  valleys  at  or  near  the  fault.  Fig- 
ure A10  is  more  representative  of  those  sections  of  strike-slip  faults 
in  broader,  rift  valleys  or  more  hilly  terrain  like  the  San  Andreas 

fault  in  the  Carrizo  Plain  area  (Vedder  and  Wallace""  ^t)  and  north  of 

1 37 

Bolinas  Bay  (Brown  and  Wolfe  ).  The  surface  appearance  of  surface 
strike-slip  faulting  is  shown  in  Figure  All. 

16.  No  standard  terminology  for  major  geomorphological  features 

of  strike-slip  fault  zones  has  been  adopted.  Many  of  the  terms  in  cur- 

27 

rent  use  are  given  in  geomorphology  texts  and  glossaries.  Sharp1' 
reviews  geomorphic  features  of  active  faults  and  methods  of 
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agram  showing  geomorphic  features  developed  along  active  strike-slip 
rea  with  moderately  steep  topography  (Brown  and  Wolfe1 37 ) 
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distinguishing  between  active  and  inactive  faults.  Lensen  has  de- 
scribed many  other  geomorphic  landforms  associated  with  strike-slip 
fault  zones  in  New  Zealand. 

17.  Typical  geomorphic  landforms  that  have  been  noted  along  ac- 
tive strike-slip  faults  in  a variety  of  climatic  zones  in  California 
are  listed  in  Table  A1  and  summarized  as:  (l)  scarp  or  eroded  scarp; 

(2)  bench;  (3)  linear  canyon,  gully,  gulch,  swale,  trench,  trough, 
stream,  or  valley;  (1)  pond,  depression,  swampy  depression,  sag,  playa, 
sag  pond,  swampy  trench,  etc;  (5)  offset  drainage  channel  or  stream; 

(6)  fault  gap,  notch,  or  saddle;  (7)  trench;  (8)  offset  ridgeline  or 
hill;  (9)  deflected  or  diverted  drainage  channel,  gully,  gulch,  stream, 
or  valley  axis;  (10)  linear  or  elongate  ridge;  (ll)  trough;  (12)  ponded 
alluvium;  ( 13 ) alined  notches  and  swales;  (1*0  shutter  ridge;  (15)  scarp- 
let;  (16)  swale;  (17)  alined  vegetation  or  linear  boundary;  (18)  alined 
gullies,  gulches,  valleys,  and  streams;  (19)  side-hill  (or  hillside) 
trench  or  trough;  (20)  spring,  elongate  spring,  marsh,  or  groundwater 
barrier;  (21)  lineament  (lithologic,  topographic,  altered,  mineralized, 
soil  contrast,  en  echelon  or  Riedel,  etc.);  (22)  fault  valley  or  graben; 
(23)  fault  trace;  (2**)  fault  path  or  pebbly  path;  (25)  open  crack  or 
fissure;  (26)  faceted  ridge  or  spur,  triangular  facets;  (27)  alinement 
of  springs  or  a very  elongate  spring.  Additional  features  are  listed 
by  Lensen  J for  strike-slip  fault  zones.  They  include:  beheaded 

drainages,  wedges,  tilted  wedges,  transcurrent  buckles,  and  bulges. 


Geomorphic  Features  of  Normal-Slip  Faults 


18.  Surface  expression  of  faulting  associated  with  normal-slip 
faults  generally  includes  more  complex  relations  than  have  been  noted 
for  strike-slip  faults.  The  fault  plains  generally  have  dips  that  vary 
from  50°  to  90°,  with  most  dips  clustered  at  about  60°  or  at  90°,  to 
give  fault  traces  in  mountainous  terrains  that  are  less  linear  than  is 
characteristic  of  strike-slip  faults.  Percent  of  regional  extension 
varies  with  the  dip  of  the  fault  plane.  For  60°  dips  the  extensicnal 
component  is  50%  of  the  dip-slip  component.  The  large  vertical 
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component  develops  steep  and  high  scarps  which  may  be  preserved  for  long 
periods  of  geologic  time.  Branch  faults  are  common  and  tend  to  transfer 
displacements  to  more  than  one  fault  to  give  zigzag  patterns  with  markeo 
and  abrupt  differences  in  the  strike  of  faults  from  one  segment  of  a 
fault  zone  to  another,  or  may  have  hinged  displacements  with  reversed 
direction  of  movement  on  different  segments  of  the  fault;  such  faults 
may  have  much  greater  length  than  first  inspection  may  suggest.  In  ad- 
dition, the  inclined  nature  of  many  fault  planes  provides  the  possibility 
of  faulting  and  secondary  failures  in  surficial  materials  with  a higher 

angle  dip,  often  90°,  with  branching  fractures.  The  overall  result  is 

iko 

shown  diagramatically  in  Figure  A12. 

19.  Most  normal  faults  break  through  surficial  unconsolidated 
materials  with  a nearly  vertical  dip.  This  change  in  dip  near  the 
earth's  surface  leads  to  the  development  of  features  that  characterize 
the  geomorphology  of  associated  normal  faults.  In  general,  the  exten- 
sion of  the  earth's  surface  with  normal  faulting  and  the  change  in  dip 
of  the  fault  plane  lead  to  the  development  of  an  open  fissure  near  the 
earth's  surface.  Various  types  of  soil  or  ground  failure  in  combina- 
tion with  branching  of  the  tectonic  fault  plane  can  lead  to  a variety 

ll*l 

of  fault  planes  first  noted  by  Gilbert.  More  recently, 

119  lhO 

Slemmons  ’ has  suggested  terms  for  these  fault  features . Since 
the  landforms  are  developed  at  all  scales  from  the  details  of  small 
displacements  along  a fault  trace,  to  wide  structures,  distributed  over 
a zone  of  a kilometre  or  more  in  width,  the  terminology  for  fault  traces 
is  similar  to  that  of  major  geomorphic  landforms.  The  following  dis- 
cussion divides  the  landforms  into  features  developed  by  the  actual 
fault  trace  or  scarp,  and  the  longer  term,  eroded  features  along  the 
scarp. 

20.  The  main  landforms  developed  along  normal-»slip  faults  are  de- 

lUl  lk2  119  llo 

scribed  by  Gilbert,  Ambraseys  and  Tchalenko,  and  Slemmons.  ’ 

123 

The  minor  features  also  include  those  described  by  Larson.  The  de- 

tails of  fault  scarp  morphology,  varying  from  initial  free  faces  to 
debris  slopes  to  more  gentle  slopes  with  aging  and  time,  have  been 
studied  in  detail  by  Wallace  (in  press),  ^he  main  types  of  surface 
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include  the  following. 


the  surface  rupturing  al  ng  a single 
surface  with  little  or  no  change  in 


b.  FISSURE  SCARP,  OR 
FAULT  TRACE 


d.  STEP  OR 
LONGITUDINAL  SCARP 
OR  FAULT  TRACE 


e.  SUBSIDENCE  SCARP 
OR  FAULT  TRACE 


Figure  A12.  Types  of  fault  scarps  and  fault  traces  for 
normal-slip  faults  (modified  from  Slemmons^-1^ 5 ‘ ,i0 'l 
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the  fault  dij  so  that  the  fault  scarp  is  closely  alined  alone  the 
bedrock-alluvium  boundary.  The  fault  plane  is  thereby  exj  s<  i the 
earth' s surface,  sometimes  showing  striations  or  slickensides  that  ex- 
press the  detailed  path  of  the  fault  slip  (Figure  A13 ) . For  such  ex- 
amples the  exposed  fault  plane  is  the  scarp  and  the  strike,  dip,  and 
slip  direction  and  net  amount  of  slip  can  all  be  measured  directly. 

This  type  of  example  probably  develops  most  readily  with  well- 
consolidated  surficial  materials  that  are  above  the  water  tal  ■ . Ex- 
amples are  expecially  well  show::  along  the  1915  Pleasant  Valley  faul* 
zone,  Nevada  (Figures  All  and  A15 ) • 

Fault  fissure 

scarps  or  fissure  traces 

. ; - .re  A12B  Lndi  cal  ■ s t h<  ■ mm  n ten  iency  f r t h<  faui  1 t ra  ■■ 


Figure  A13.  Striations  on  the  195*  Fairview  Peak  fault  . rh<  : 
measured  from  stream  and  right-slit  is  2 to  3 m of  right-slip  re 
ration  and  a vertical-slip  cor.;  om  nl  f . m.  This  is  in  a ••••  em< 
with  the  20°  slip  direction  of  the  striations 


The  1915  Pleasant  Valley,  Nevada,  faull 
race  at  or  near  the  bedroch-alluviur.  con*-: 
height  is  3 to  5 r. 


at  the  earth's  surface  to  develop  at  the  instant  of  offset  a simple 
fissure  or  zone  of  surface  extension.  The  unstable  nature  of  the  un- 
consolidated surficial  materials,  probably  accompanied  by  the  very 


strong  earthquake  motion  at  the  fault,  generally  results  in  gravita- 
tional failure  by  slumping  of  one  or  more  blocks  or  slices  as  shown  by 
the  dashed  lines  in  Figure  A12B.  The  slump  blocks  or  plastic  deforma- 
tion of  the  surficial  materials  normally  results  in  the  development  of 
one  of  the  fault  trace  types  shown  in  Figure  A12.  For  western  contermi- 
nous United  States  only  two  examples  have  been  described:  one  in  the 

ll3 

1915  Pleasant  Valley,  Nevada,  earthquake  area  by  Jones  as  shown  in 

Figure  Al6,  the  other  in  the  195^  Fairview  Peak  earthquake  area  by 
119 

Slemmons.  Soil  erosion  and  deposition  have  already  concealed  the 

exposed  dipping  fault  planes  of  these  two  examples. 

Trench-trace  scarps  or 
graber.  fault-trace  scarps 

23.  These  scarps  (Figure  A12C)  result  from  the  gravitational 
failure  of  slump  blocks.  This  type  of  landform  is  the  direct  result 
of  the  extensional  nature  of  normal-slip  faults  with  a dipping  faul* 
plane  that  breaks  at  a high  angle  through  surficial  materials  and  the 
trenchiike  feature  commonly  extends  long  distances  along  active  fault 
scarps  usually  a short  distance  out  into  the  valley  from  the  bedrock 
outcrops  along  the  fault  zone.  Excellent  examples  are  developed  along 
the  195^  Dixie  Valley  fault  zone  (Figure  AIT).  The  slump  blocks  may 
develop  in  either  the  hanging  or  foot  wall  block  of  the  fault;  in  either 
case  the  slump  blocks  may  rotate  to  give  a more  nearly  horizontal  or 
back-tilted  slope  in  the  trench  block.  The  width  of  the  graben  is  re- 
lated to  the  dip  of  the  primary  fault  plane  in  bedrock,  the  fracture 

direction  in  the  surficial  material,  and  the  thickness  of  the  surficial 

lU2 

material  as  given  by  Ambraseys  and  Tchalenko. 

Longitudinal-trace 
or  step-trace  scarps 

2U.  These  scarps  (Figure  A12D)  develop  when  one  or  more  slump 
blocks  on  the  uphill  side  of  the  fault  trace  slide  into  the  fissure 
trace  to  develop  a stairstep  arrangement  of  blocks  that  is  similar  to 
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Fault-trace  fissure  on  the  1915  Pleasa 
wh ich  • j sed  th<  bedrock  faull  w i 1 1 v 
n ‘ f ffs.  ' f 3 . m n a fai ill  plan 


. . :a 


Figur<  A1  Graben  trace  along  1951*  Dixie  Valley  fault  zone  along  west  side  of  Dixie  Valley. 

Early  morning  sun  illumination 


that  found  in  many  landslides.  The  slump  blocks  generally  have  a back- 
rotation  to  give  treads  with  a more  nearly  horizontal  slope  than  the 
original  surface.  This  type  of  trace  is  fairly  common  along  normal- 
slip  fault  scarps. 

Subsidence  trace  faults  or  scarps 

25.  These  (Figure  A12E)  form  where  the  hanging  wall  block  fills 
the  incipient  fissure  trace  by  semiplastic  flow  into  the  zone  of  ex- 
tension. This  type  of  fault  scarp  normally  develops  on  fault  traces 
crossing  areas  of  unconsolidated  alluvial  sediments  with  a shallow 
water  table.  This  effect  produces  a sag  in  the  unconsolidated  deposits 
that  is  in  the  opposite  direction  from  that  produced  by  fault  drag. 

This  may  explain  at  least  some  cases  of  apparent  "reverse  drag." 

26.  Normal  faults  commonly  are  controlled  by  preexisting  recti- 
linear or  orthogonal  fracture  systems  that  have  conjugate  displacements 
on  two  sets  to  give  zigzag  fault  traces  with  little  or  no  oblique-slip 
component,  or  have  minor  right-  and  left-slip  components  due  to  the 
extension  component.  Normal-slip  faults  are  the  most  common  type  of 
fault  over  most  of  the  western  United  States  and  typically  develop  a 
Basin  and  Range  type  topography  that  varies  in  appearance  from  youthful 
(northern  Basin  and  Range  Province)  with  rapid  tectonic  activity,  to 
old  age  (southern  Basin  and  Range  Province-Sonora  Desert)  with  geologi- 
cally long  periods  of  erosion  following  an  ancient  period  of  tectonic 
activity.  Faults  of  the  youthful  terrain  are  active;  those  of  the  old 
terrain  are  generally  dead. 

27*  Wallace  (unpublished  manuscript)  has  shown  that  fault  scarps 
in  unconsolidated  materials  of  north-central  Nevada  have  initial,  free- 
face  slopes  of  50  to  90°,  erode,  and  are  covered  by  slope  wash  to  give 
slopes  of  about  35°  in  a few  thousand  years  and  become  more  gentle  in 
slope  with  age,  to  20-30°  in  about  12,000  years.  The  break  in  slope 
also  broadens  with  age.  Scarps  in  fractured  bedrock  commonly  have 
slopes  of  30  to  35°  and  are  believed  to  be  up  to  a million  or  more  years 
in  age.  Mountain  slopes  believed  to  be  about  10,000,000  years  old  have 
slopes  of  approximately  15° • 

28.  Rejuvenation  of  fault  scarps  by  recurrent  displacements 
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develops  compound  fault  scarps.  The  recently  formed  scarps  are  con- 
spicuous by  their  freshness,  degree  of  scarp  dissection,  formation  of 
terraces  upstream  on  drainages  crossing  the  fault,  and  character  of 
faceted  bedrock  spurs,  and  by  the  presence  of  "wine-glass"  shaped 
rejuvenated  valleys  in  bedrock  above  the  scarp. 

29.  The  normal-slip  fault  geomorphology  is  generally  much  more 
complex  than  that  of  strike-slip  faults  as  the  result  of  several 
factors : 

a.  Normal-slip  faults  more  commonly  have  lower  angle  dips 
than  strike-slip  faults  to  give  more  irregular  surface 
traces,  as  seen  in  plan  view,  particularly  in  mountaincu. 
terrain . 

b.  The  intermediate  angle  of  dip,  generally  between  50  and 
70°  and  averaging  60°  in  bedrock,  often  breaks  with  a 
higher  angle  in  unconsolidated,  near-surface  materials 
to  create  a variety  of  complex  gravitational  collapse 
features . 

c_.  Normal  faults  are  often  controlled  by  rectilinear  or 
orthogonal  fracture  systems  that  tend  to  give  zigzag 
fault  traces  with  little  or  no  oblique-slip  component 
to  the  overall  fault  zone,  but  can  develop  alternating 
oblique-slip  directions  on  the  alternate  "zigs"  and 
"zags"  (see  Figures  AlU,  -15,  -17,  and  -18).  These 
types,  with  change  of  strike,  can  become  conjugate 
strike-slip  or  normal-oblique-slip  faults.  The  normal- 
slip  faults  are  one  of  the  most  widespread  types  of 
active  faults  in  conterminous  United  States  and  are 
found  in  nearly  all  parts  of  the  western  United  States 
and  especially  in  the  Basin  and  Range  Province.  Their 
main  development  is  typically  either  by  patterns  of 
alternating  mountain  and  basin  (horst  and  graben ) topog- 
raphy from  crustal  extension,  or  by  tilted  or  rotated 
fault  blocks  with  erosion  of  fault  scarps  and  deposit].!, 
in  adjoining  downtilted  blocks  to  form  a terrain  con- 
sisting of  alternating  mountains  and  valleys.  The 
appearance  of  typical  faulted  mountain  fronts  generally 
is  affected  by  the  average  rate  of  uplift  and  faulting, 
or  long-term  cyclic  changes  in  rate  of  uplift.  The  over- 
all effect  is  shown  by  the  three  stages  shown  in  Fig- 
ure A19. 

30.  The  first  stage  is  the  result  of  rapid  rates  of  faulting 
with  short  recurrence  intervals.  The  steep  mountain  fronts,  commonly 
with  frontal  slopes  of  30°  or  higher,  have  faceted  or  triangular- fronted 
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Figure  Al8.  Simple  fault  scarp  near  Genoa,  Carson  Valley,  Nevada* 
Lrregu  ar  r zigzag  fault  trace  which  :1  sely  llows  th<  irregular 
• mtain  front.  The  uplift  of  this  pari  f th<  - untain  is  ii  tv 

stages  with  the  moderately  rugged,  : it  1 - • Ler  t lin  in  th<  upp<  r 

of  the  photograph — representing  an  earlier  stage  of  faulting  and 
erosion — and  a steepened  lower  slope  iue  t rejuvenation  by  a recen- 
Lncr  ase  in  rat<  f fi  ilting.  N t<  th<  er  led  r battered  facet<  i 


use  leveu  from  the  faulting  ha 
t of  the  center  canyon,  which 
probably  formed  by  five  fault - 
h<  fau  11  plan*  exj  sed  : • 
has  been  eroded  to  a slope  of 
the  mountain  defined  by  the 
Note  also  'he  stream  ter— 
u*  by  4 he  fault 
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airt-r  of  mountain  arid  valley  development  by  block  faulting 


ridges  or  spurs  due  to  truncation  by  faulting  and  rapid  uplift  along 
the  frontal  fault  scarp.  The  valleys  emerging  from  the  range  are  steep 
and  narrow  and  generally  have  trends  that  are  at  high  angles  with  the 
main  fault.  The  profiles  of  the  rivers  and  streams  emerging  from  these 
valleys  may  have  knick-points  separating  sections  of  different  gradient 
as  the  result  of  faulting  episodes  or  changes  in  rate  of  uplift.  Such 
streams  may  also  have  terraces  as  the  result  of  renewed  faulting  and 
rejuvenation  of  the  streams  hy  the  temporary  change  of  base  level  at 
the  mountain  front. 

31.  Block-faulted  regions,  with  tilted  or  rotated  blocks,  like 
Basin  and  Range  topography  can  form  valley  and  mountain  terrain,  but 
the  pattern  is  commonly  more  irregular  or  blocky  as  shown  in  Figure  A20. 
Faults  may  develop  an  orthogonal  pattern.  During  earthquakes  the  fault- 
ing may  simultaneously  offset  several  bordering  faults  to  develop  a com- 
plex pattern  of  faulting. 

32.  The  second  stage  represents  a more  mature,  less  active  stage 
of  fault  activity  at  the  mountain  frontal  faults.  This  stage  has  more 
extensive  lateral  corrosion  by  the  rivers  and  streams;  the  erosion  is 
more  directly  controlled  by  differential  erosion  due  to  lithologic 
differences  in  the  bedrock  to  give  a more  irregular  mountain  front, 
with  alluvial  aprons  extending  well  up  into  the  valleys  draining  the 
mountain  block. 

33.  The  third  stage  consists  of  an  old-age  stage  of  erosion  with 
little  or  no  contemporaneous  faulting,  so  that  pediments  extend  well 
into  the  mountain  blocks,  the  main  faults  have  .little  or  no  surface 


Figure  A20.  Block-fault  mountain  and  valley 
terrain  with  rotated  and  tilted  fault  blocks 
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expression,  and  much  of  the  mountain  block  has  been  eroded  to  a gently 
sloping  surface,  or  pediment,  that  is  covered  by  a thin  veneer  of 
alluvial  deposits.  In  the  southwestern  part  of  the  United  States,  the 
time  of  last  displacement  on  the  main  faults  along  many  of  the  mountain 
ranges  may  date  back  to  the  early  Quaternary,  the  Pliocene,  or  even  to 
the  Miocene.  Such  landforms , with  extensive  development  of  pediments, 
form  large  areas  of  Arizona  and  New  Mexico,  and  may  also  form  smaller 
subprovinces  in  less  active  or  inactive  parts  within  the  Basin  and 
Range  Province  to  the  north. 

Geomorphic  Features  of  Reverse-Slip  Faults 

34.  The  geomorphic  features  of  reverse-slip  faults  generally  are 
more  subtle  and  difficult  to  distinguish  than  those  of  strike-slip  and 
normal-slip  faults.  Scarps  may  have  complex  patterns  with  even  lower 
angles  of  dip  than  for  normal-slip  faults,  and  have  more  irregular 
traces  that  make  them  much  less  conspicuous  and  more  difficult  to  trace 
than  strike-slip  and  normal-slip  fault  zones.  The  relatively  low  angle 
of  dip  of  many  reverse-slip  faults,  commonly  below  45°,  may  result  in 
branching  fracture  systems  that  "short  cut"  to  the  surface,  to  give 
complexly  shattered  surface  displacements  with  greatly  reduced  scarp 
height  of  the  individual  strands. 

35-  The  general  geomorphic  features  have  been  summarized  by 
lW 

Johnson.  He  noted  that  the  overthrusting  of  the  hanging  wall  block 
develops  a sharpened  or  overstepped  block  that  is  frequently  covered  by 
landslides  and  gravity  slips  that  obscure  the  true  compressional  char- 
acter of  the  fault.  The  historic  scarps  of  this  type  commonly  result 
in  a "bulldozed"  or  "mole  track"  appearance  of  the  scarp.  The  branching 
aspect  of  the  scarp  compared  to  normal-slip  faults  is  shown  in  Fig- 

24 

ure  A21,  from  Sherard  et  al.  Historic  examples  illustrating  the  gen- 
eral aspects  are  described  for  the  1964  earthquake  on  Montague  Island 
(Figure  A22,  from  Plafker10)t ) , the  White  Wolf  fault  zone  of  1952  (Cali- 
fornia Division  of  Mines  ,"*■  ) , the  San  Fernando  faulting  of  1971  (U.  S. 
Geological  Survey"'’  ) , and  the  Meckering,  West  Australia,  earthquake  of 
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Upthrown  block  is  distorted 
with  breaks  on  branch  and 
other  subsidiary  faults 


Distance  decreases 


a.  Reverse-slip  fault 


Figure 
slip 

| 


A21.  Distributed  fault  pattern 
and  normal-slip  faults  (Sherard 


for 

et 


reverse- 

al.2^) 


A3) 


unstable  slope  above  the  scarp  (from  Pla 
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1968  (see  Figure  lU,  Krinitzsky  ).  The  complex  pattern  of  shattering 
is  well  demonstrated,  particularly  for  the  alluvial  plains,  by  surface 
faulting  in  the  San  Fernando  earthquake  area  of  1971. 

3 6.  The  origin  of  the  complex  fractures  near  the  surface,  in- 
cluding the  seemingly  anomalous  prevalence  of  extensional  fracturing 

and  presence  of  grabens  and  drape  folds , was  studied  experimentally  by 
ll7 

Friedman  et  al.  Their  experimental  studies  developed  many  structural 

features  expressed  in  the  topographic  and  shallow  stratigraphic  expres- 
sion of  reverse  faults — downward-curving  concave  reverse  fault  planes, 
drape  ids,  bedding  plane  slip,  layer  thickness  changes,  fold  hinges, 
and  extensional  fractures,  including  graben  zones  and  low-angle  normal 
faults  that  are  conjugate  to  the  reverse  faults.  Representative  cross- 
section  relations  are  shown  in  Figure  A23. 
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Figure  A23.  Examples  of  microscopically  deformed  rock  with  faulted 
drape  folds.  Diagrams  a,  c,  and  e show  deformation  features  in  thin 
section.  Microfractures  are  shown  with  proper  position  and  orienta- 
tion. Arrows  perpendicular  to  bedding  indicate  strain  calculated 
from  bedding-thickness  changes  (thinning  is  shown  positive).  Dia- 
grams b,  d,  and  f show  stress  trajectories  inferred  from  all  micro- 
scopic data  from  a,  c,  and  e (from  Friedman  et  al.1^7) 
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